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ABSTRACT




Dr. Moses Karakouzian, Examination Committee Chair 
Professor of Engineering 
University of Nevada, Las Vegas
The quality control of the production of asphalt concrete and the subsequent 
placement for roadway pavement requires the extensive use of laboratory and field- 
testing. These tests determine mix properties such as gradation, binder content, air void 
content, and percent compaction. The amount of time it takes to perform these tests 
generates time delays in the information transfer from the laboratory to the construction 
and plant inspectors. The lack of timeliness of a test result may result in placement of an 
inferior product being placed. Thus, there would be a great benefit for the application of 
a rapid test method during the production and placement phase of construction. The use 
of non-destructive testing (NDT) is the means to this end.
New ultrasound GMP*"' non-contact transducers are introduced and applied to the 
testing of the laboratory prepared asphalt specimens for verifying the feasible for the use 
of non-contact ultrasound technology to measure material properties of hotmix asphalt, 
specifically, the bulk specific gravity. The key point is the use of non-contact transducer 
versus the standard surface contact method.
The research used asphalt concrete specimens that were fabricated with varying 
gradation and asphalt cement proportions. The analysis consists of a statistical review of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the data to detect changes in the sample test values for correlation to the known material 
property of the bulk specific gravity and the performance value of the Asphalt Pavement 
Analyzer rut depth. It was found that the use of the non-contact ultrasound measurement 
correlates with the HMA material property of bulk specific gravity to a degree that can 
discern changes in gradation, bulk specific gravity, and with the material performance rut 
depth value as determined by the Asphalt Pavement Analyzer.
This work lays the foundation for future research for the use of the non-contact 
ultrasound technique as a viable tool for quality control application in asphalt concrete 
plant production and construction of asphalt concrete pavements.
IV
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CHAPTER 1 
PURPOSE
The quality control of the production of asphalt concrete and the subsequent 
placement for roadway pavement requires the extensive use of laboratory and field- 
testing. An important aspect to road construction is the contractor quality control (QC) 
and owner quality assurance (QA). QA/QC testing of asphalt concrete production is a 
time consuming and costly process. The lack of timeliness of a test result could make 
the difference between a product remaining on the project or having it removed after 
placement. For example, one of the tests is for the determination of the percent asphalt 
cement in the production. A sample of hotmix must be either chemically extracted to 
separate the aggregate from the asphalt cement or the asphalt cement must be burned 
off for a weight difference calculation. This may take up to three hours to perform and 
report the test at which time the asphalt concrete plant is producing about 250 metric 
tons per hour. This would yield about 900 lineal meters of a traffic lane width of 
pavement before a test result would be known. This is only one test of many during the 
production and placement. There would be a great benefit for the application of a rapid 
test method, such as ultrasound non-destructive testing, during the production and 
placement phase of the construction.
1.1 Problem Statement
There is a need for a rapid non-destructive test to determine a pass-fail for the 
production and placement of asphalt concrete material.
1
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1.2 Research Purpose
The purpose of this research is to answer the question; Is it feasible to use non- 
contact ultrasound technology in lieu of surface contact to measure material properties 
of hotmix asphalt (HMA)?
In order to answer this question, non-contact ultrasound measurements on HMA 
need to be performed in order to see if the Hotmix design material characteristics would 
correlate with an ultrasound measurement.
In order to present data to support this concept, the research was performed in three 
phases. The first phase was to determine the type of system, the sensitivity of the 
ultrasound system, and its testing parameters. The second phase was to see if the 
ultrasound measurement of attenuation and material sound wave velocity could correlate 
to the HMA material property of specific gravity and the HMA performance rut depth 
value using an Asphalt Pavement Analyzer (APA). The third phase was to see if the 
procedure would work in two other designs to demonstrate that the process was reliable.
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CHAPTER 2
GENERAL BACKGROUND
The general background will consist of an overview of the ultrasound technology in 
Non Destructive Testing (NDT), which is better known in its more common applications 
for thickness gauging, flaw detection, and acoustic imaging. High frequency sound 
waves can also be used to identify some basic properties of solids. Ultrasonic material 
analysis is based on the motion of a wave, which will be affected by the material through 
which it travels. Thus, changes in one or more of the four measurable parameters 
associated with the passage of a high frequency sound wave through a material such as 
time, attenuation, scattering, and frequency content will relate to the material 
characteristics. These can often be correlated with changes in physical properties such 
as hardness, elastic modulus, density, homogeneity, or grain structure (NDT-ed.org).
This section will address a brief overview of ultrasound in construction in the use of 
contact and non-contact transducers in the following sub-sections:
2.1 Ultrasound Overview
2.2 Uses in Construction
2.3 Previous Work Related to this Research
2.4 Basics of Ultrasound and Material Characteristics
2.5 Contact Transducers
2.6 Non-contact Transducers
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2.1 Ultrasound Overview
Ultrasonic Testing (UT) uses high frequency sound energy to conduct examinations 
and to record measurements. It can be used for, but not limited to, flaw 
detection/evaluation, dimensional measurements, and material characterization. A 
typical Ultrasound Testing inspection system consists of several units, such as the 
pulser-receiver, transducer, and display equipment. A pulser-receiver is an electronic 
device that can produce high voltage electrical pulse, which causes the transducer to 
generate high frequency ultrasonic energy. The sound energy is transmitted through the 
material in the form of waves.
As a quick demonstration, one of the typical flaw-testing modes is named pulse- 
echo. Figure 1, which uses the same transducer to transmit and receive. As an example 
of this mode. Figure 2 through Figure 5 displays the progress of the signal through the 





When there is a flaw such as a crack defect in the wave path, part of the energy will 
be reflected back from the crack surface. The reflected wave signal is transformed into 
an electrical signal by the transducer and is displayed on a screen as indicated in the
 ^ Illustrations with written permission from NDT resource center http://www.ndt-ed.org
4
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noted figures. Signal travel time can be directly related to the distance that the signal 
traveled to and from the surface. Thus, the thicker the material section, the more time 
the signal must travel.
Figure 2 Typical Pulse/echo initial shot (all 
graphics from www.NDT-ed.org)
Figure 3 Pulse/echo response to thicker 
section
Figure 4 Pulse/echo response to a void Figure 5 Pulse/echo response to a void at
the bottom
Another transmission mode is the pitch-catch mode, which uses two transducers: 
one to send and the other to “catch” the signal is a configuration with a non-normal 
incident angle to each other (Figure 6). The through transmission mode uses two 
transducers and configured one on each side of the material (Figure 7) and is the mode 
utilized in this research.



















Figure 7 Through transmission mode (Bhardwaj, 2001)
Ultrasound operates on the same principle as other characterization methods also 
based upon wave-material interaction such as optical, x-ray, infrared, Raman 
spectroscopy, nuclear magnetic resonance, neutron, g-ray, and mass spectrometry. 
Ultrasound differs from other wave-based methods because it does not require sample
 ^ Illustrations with permission from The Ultrangroup, Mahesh Bhardwaj, 1020 E. Goal Avenue 
Boalsburg, PA 16827 USA
6
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preparation, is non-hazardous, and provides the means to determine mechanical 
properties and other characteristics.
2.2 Uses in Construction
Ultrasound has been used for the inspection of Portland Cement Concrete (PCC) for 
many years. Its use in the inspection of asphaltic concrete is limited to mainly laboratory 
based experimental studies, which have shown promising results (Sztukiewicz, R., 1991; 
Dunning M., 1996). The coupling of ultrasonic testing with laboratory-based performance 
testing of HMA would provide a vital link to rapid quality control testing and quality 
assurance verification.
The application of contact ultrasound in construction materials has grown 
substantially to include but not limited to:
o Characterization of elastic and mechanical properties; such as concrete 
strength
o Delaminating in multi-layered systems; such as for pavement integrity and 
surface profile
o Proximity and dimensional analysis; such as for reinforcement and flaw 
locations used in cross-hole sonic logging, 
o Heterogeneity;
o Imaging of surface and internal features of materials; 
o Viscosity of liquids;
o Applied and residual stresses; such as steel
2.2.1 Cross-hole sonic logging
When a concrete pile is constructed, the integrity® testing of the concrete is 
performed by placing transducers and receivers in PVC access tubes cast inside the
® http://www.piletest.co.uk/cross hole.html (vendor ad)
7
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pile. This allows equipment to be brought close to potential defects. This enables the 
discovery of minor defects and allows the wave to travel in any direction.
Pulses generated by the ultrasonic pulse generator are converted into ultrasonic 
waves by the transmitter probe and are received by the receiver probe. The method 
utilizes ultrasonic frequencies, with typical wavelengths of 50 to 100mm. After 
conditioning, signals are digitized, stored, and later analyzed.
Figure 9 Defect image software
Figure 8 Cross-hole puiser and detector
2.2.2 Concrete strength
Concrete is a unique material in which it has been attempted to obtain strength 
determinations with the use of Ultrasound (Popovics, S., 2001). The strength of concrete 
is a critical engineering property for a safe and long lasting structure and it was possible 
to establish a correlation of pulse velocity and the concrete compression break. An 
investigation was pursued with the use of stress wave technique to monitor and predict 
the strength (Yuan, D., 2003). Stress wave velocities can be related to the strength 
parameters and static modulus obtained from standard testing on the molded specimens 
and drilled cores. The relationships between the dynamic modulus and the strength
8
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parameters as well as the maturity were possible. The technique was rapid, simple and 
an economic means for optimizing concrete mix design, quality control/quality assurance 
of concrete construction and determining the time required before a repaired or newly 
constructed structure is ready for use.
A research report (Hutchins 2003) discussed the use of the non-contact air coupled 
transducers as compared with the standard Portable Ultrasonic Non-destructive Digital 
indicator Tester (PUNDIT). The PUNDIT, developed in the 1970's, uses the pulse 
velocity method to determine material characteristics (Naik 1991). It generates low 
frequency ultrasonic pulses and measures the time taken for them to pass from one 
transducer to the other. I t  has become part of many national standards for concrete 
testing and is still used on site and in research. It was found that the non-contact 
method was more sensitive to the concrete paste properties while the PUNDIT appeared 
to be transferring the sound energy through the aggregate.
Unlike non-contact transducers using Chirp signals, the PUNDIT is limited to the use 
of single frequencies, which therefore requires multiple transducers with different 
frequencies.
2.2.3 Concrete cure
A pulse-echo, nondestructive, ultrasonic technique for monitoring the setting and 
hardening process of concrete was developed (Akkaya, 2003). The technique is based 
on monitoring the reflection coefficient of ultrasonic transverse waves at the surface of a 
laboratory scale hardening concrete in steel molds. The technique has been shown to 
reliably estimate the rate of strength gain of concrete. The ultrasonic technique was 
shown to produce reliable estimates of the rate of strength gain at early ages.
2.2.4 Pavement Inteqritv
Spectral Analysis of Surface Waves (SASW) method is the use of dispersive 
characteristics of surface waves to determine the variation of the shear wave velocity
9
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with depth. The SASW  testing is applied from the surface (Olsen) allowing for less costly 
measurements than with traditional borehole methods (Alexander, H. 2000). Once the 
shear wave velocity profiles are determined, the shear and Young’s modulus of the 
material can be calculated and the shear wave velocity profiles are determined from the 
experimental dispersion curves (surface wave velocity versus wavelength) obtained from 
SASW measurements through a process called fon/vard modeling.
Air Rayleigh Wave Vertical Particle Motion
'T L a y e r i f '
____












Figure 10 SASW  Surface wave profile'*
Dynamic signal analyzer 
with disk drive
Vertical dynamic source: 
forward configuration / /  reverse configuration
d i - rev
Figure 11 SASW transducer position 
and analyzer setup'*
Two receivers are placed on the surface, and a hammer is used to generate the 
wave energy. Other sources can be used such as solenoid-operated impactors, large 
drop weights, and bulldozers. Short receiver spacing is used to sample the shallow 
layers while long receiver spacing is used in sampling the deep materials. Two profiles, 
a forward profile and a reverse profile, are typically obtained in SASW measurements 
where the accessible surface is struck by a hammer on two opposite sides of the 
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Concrete unbonded and bonded overlays have been used for pavement and bridge 
deck rehabilitation for many years (Delatte, N. 2001). One objective of a SASW research 
project was to investigate a number of nondestructive testing technologies related to 
overlay planning and construction, and to investigate the effects of design, materials, 
environment, and construction variables on overlay performance.
The outcome demonstrated the benefits of using the SASW, which may be used to 
investigate the existing condition of pavements before overlay construction, which would 
include identifying weak areas that may need additional rehabilitation. During 
construction, SASW may be used to monitor overlay stiffness development.
In another study, two ultrasound (Sztukiewicz, J., 1991) techniques were employed, 
shallow transmission and pulse-echo, for the testing of asphalt concrete. In both cases, 
the accuracy of the longitudinal wave was measured with an accuracy of 0.1 ps. The 
transmission method was used on laboratory-fabricated samples with contact 
transducers on either side of the samples while the thickness was manually measured 
between the transducers. For the field application, the only feasible method was the 
pulse-echo. The asphalt concrete layer was about 50mm thick and the distance of the 
transducers was measured manually. The author states that the longitudinal wave was 
used for both and resulted in different velocities. The laboratory samples were tested at 
200 C with 500kHz transducers.
The author utilized the Abram’s fractional grading coefficient, which is similar to the 
concrete aggregate fineness modulus, to characterize the mineral mix aggregate 
grading.
It was found that the condition of the pavement could be defined with ultrasound, 
which correlated directly with weather and traffic patterns.
Another method that was applied to road maintenance was the use of an impulse 
hammer developed at Nottingham University that measures the vertical dynamic
11
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response with an accelerometer. With this data, there was good correlation with 
mathematical formulas to determine a pavement layer bonding value (Sangiorgi, C, 
2003).
2.2.5 Asphalt Cement
One research did apply this technique for viscoelastic materials with the use of a 
piezoelectric ultrasonic oscillator, which is based on a device that uses two pz crystals, 
and the material cemented together. The properties of the material are inferred from 
electrical measurements upon the sensor crystal and from the dimensions and masses 
of the specimen and crystals (Lakes, R. 2004).
2.3 Previous Work related to this research
Work was completed (Dunning, M. 1996) that utilized a single frequency contact 
transducers and an oscilloscope for the detection of a single frequency pulse through 
asphalt concrete. The ultrasound velocities were obtained for different asphalt concrete 
mix design types that were produced from an asphalt concrete plant at test temperatures 
of ambient and 60 C.
It was found that material characteristic correlate with ultrasound velocity, which 
would allow for a quality control detection of the design or construction of the asphalt 
concrete. As an example, one of the mix designs was plotted for the ambient 
temperature measurements as indicated in Figure 12 through Figure 15, which revealed 
high correlation of the ultrasound velocity with the following characteristics: 
o Percent asphalt content 
o Percent absorbed asphalt 
o Percent air voids 
o Specific gravity of the bulk material
o All Aggregate specific and effective gravity with exception of the fine aggregate
12
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o Percent voids filled with asphalt
The graphs demonstrate that with further refinements, it would be possible to 
develop quality control techniques, which would enable a rapid acceptance of materials.
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Figure 12 Velocity versus % Binder, % Air content and % Absorbed
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Figure 13 Velocity versus Bulk Specific Gravity
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Velocity vs Coarse, fine, combined and effective Specific 
Gravity
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Figure 14 Velocity versus Specific Gravity of Aggregate
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Figure 15 Velocity versus % Voids Filled and Film Thickness
2.4 Basics of Ultrasound and Material Characteristics
Ultrasonic material analysis is based on the motion of a wave, which will be affected 
by the material through which it travels (NDT-ed.org). Thus, changes in one or more of
14
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the four measurable parameters associated with the passage of a high frequency sound 
wave through a material such as time, attenuation, scattering, and frequency content will 
relate to the material characteristics. These can often be correlated with changes in 
physical properties such as hardness, elastic modulus, density, homogeneity, or grain 
structure.
The sound wave requires a physical elastic medium to travel (NDT-ed.org). When a 
particle of a material is displaced from its position by any stress, the internal forces will 
restore the particle to its original position; they are not moving away from the stress but 
are vibrating about their equilibrium positions. Waves generated by a mechanical stress, 
such as a transducer, become pressure waves, which transfer their energy to the 
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Figure 16 Acoustic Spectrum
The sound frequency range is wide from sub-sonic to high frequency as 
demonstrated in Figure 16, of which Ultrasonic Non Destructive Testing (UNDT) utilizes 
the range of frequencies from approximately 20 KHz to over 100 MHz, with most work 
being performed between 500 KHz and 20 MHz. Both longitudinal and shear, as well as 
surface wave modes of vibration are commonly used. Many material analysis 
applications will benefit from using the highest frequency that the test piece will support.
15
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The reason is that the resolution of the measurement is better at a higher versus lower 
frequency (NDT-ed.org). Sound pulses are normally generated and received by 
piezoelectric transducers that have been acoustically coupled to the test material such 
as with water or oil.
A major factor that affects good measurement is the smoothness. The use of oil or 
gel is helpful to maintain contact between the sensor and the surface. The lack of the 
need for a contact agent is an advantage for using non-contact transducers. However, 
texture will still affect transmission. The path length also needs to be long especially 
when measuring heterogeneous material due to the wave scattering effects, the 
increased distance will allow for a more consistent detected signal. Temperature is a 
factor and must be consistent for each measure, as the velocity of the wave will change 
with temperature.
The system is only complete with an interface to a PC, with further visualization and 
operation.
The waves are generated by a puiser and then received (pulser/receiver) for an 
analyzing system that consists of two main items - the computer and the transducer 
fixture. The advantage is that the PC initializes the ultrasonic parameter setup almost 
automatically.
The relevant measurement parameters will typically be one or more of the following 
(Bhardwaj, 2000):
1. Sound velocity/pulse transit time: The speed of sound in a homogenous 
material is directly related to both elastic modulus and density; thus changes 
in either elasticity or density will affect pulse transit time through a sample of 
a given thickness. Additionally, varying degrees of non-homogeneity may 
have an effect on sound velocity, as would be the case in asphaltic concrete.
16
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2. Attenuation: Sound energy is absorbed (attenuated) at different rates in 
different materials is governed by interactive effects of density, hardness, 
viscosity, and molecular structure. Attenuation normally increases with 
frequency in a given material.
3. Scattering; Sound waves reflect from boundaries between dissimilar 
materials. Changes in grain structure, porosity, and other structural variations 
can affect the amplitude, direction, and frequency content of scattered 
signals. Scatter effects can also be monitored indirectly by looking at changes 
in the amplitude of a back wall echo or a through-transmission signal.
4. Frequency (Spectrum) content: All materials tend to act to some degree as a 
filter, attenuating or scattering the higher frequency components of a 
broadband sound wave more than the lower frequency components. Thus, 
analysis of changes in the remaining frequency content of a selected 
broadband pulse that has passed through the test material can track the 
combined effects of attenuation and scattering as described above.
The following material properties could be detected (Bhardwaj, 2000):
1. Elastic moduli: Young's modulus and shear modulus in homogenous, non- 
dispersive materials can be calculated from longitudinal wave and shear 
wave velocity (along with material density). However, asphalt concrete, for 
many applications, is heterogeneous, thus the moduli would only be an 
approximate relative value.
2. Liquid concentrations: The mixture ratio of two liquids with dissimilar sound 
velocities can be correlated to the sound velocity of the solution at a given 
temperature. This could be used for asphalt binder fingerprinting.
3. Density in ceramics: Uniformity of density can be verified by means of sound 
velocity measurements.
17
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4. Polymerization in plastics; In plastics and other polymers, variations in 
molecular structure such as length or orientation of polymer chains will often 
result in corresponding changes in sound velocity and/or attenuation. Again, 
this could be used in asphalt binder.
5. Particle or porosity size and distribution: Changes in the size or distribution of 
particles or porosity in a solid or liquid medium will affect the amplitude and 
frequency of scattered ultrasound. Asphalt Concrete falls into this category 
due to the different gradation applications
6. Anisotropy (dissimilar properties in different directions) in solids: Variations in 
sound velocity, scattering, and/or attenuation across different axes of a solid 
can be used to identify and quantify anisotropy.
In some applications, ultrasonic data such as velocity can be directly used to 
calculate properties such as elastic modulus. In other cases, ultrasonic testing is a 
comparative technique, where in order to establish a test protocol in a given application 
it will be necessary to experimentally evaluate reference standards representing the 
range of material conditions being quantified such as with a specified material on a 
construction project as is the case for this research. From such standards it will be 
possible to record how sound transmission parameters vary with changes in specific 
material properties, and then from this baseline information it will be possible to identify 
or predict similar changes in test samples. It is this application that is sought for the 
asphalt concrete quality control aspect.
2.5 Contact Transducers
The Contact Transducer is thus named due to it having physical contact with the 
material to be tested.
18
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A transducer, which has a finite size, produces waves from all of the face, whether 
contact or non-contact. These are overlapping spherical waves that produce a plane 
wave forming a beam. This beam is conical, much light a flashlight and dissipates with 
increased distance (www.NDT-ed.org).
The piezoelectric (pz) effect creates a mechanical stress in a pz material when an 
electric field is applied as a voltage across it, or, it creates a voltage when a mechanical 
stress is applied. The piezoelectric effect is a crystal, which acquires a charge when 
compressed, twisted, or distorted. The transducer will contain a resonant material, a 
coupling or wear-face, and a case, which includes a reflector as illustrated in Figure 17. 
The conversion of electrical pulses to mechanical vibrations and the conversion of 
returned mechanical vibrations back into electrical energy is the basis for ultrasonic 
testing.
Figure 17 Section of a piezoelectric transducer (www.NDT-ed.org)
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Figure 18 Piezoceramic excitation (www.NDT- 
ed.org)
The desired frequency of the transducer governs the thickness of the active element. 
A thin wafer element vibrates with a wavelength that is twice its thickness. Therefore, 
piezoelectric crystals are cut to a thickness that is 1/2 the desired radiated wavelength.
To acquire as much energy out of the transducer as possible, an impedance 
matching layer is placed between the active element and the face of the transducer. 
Optimal impedance matching is achieved by sizing the matching layer so that its 
thickness is 1/4 wavelength. This assures that the waves that were reflected within the 
matching layer remain in phase when they exit the layer. Figure 20.
Figure 19 Cross section of FT (www.NDT-ed.org)
20
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For contact transducers, the matching layer is made from a material that has 
acoustical impedance between the active element and the test material. Water 
immersion and air transducers (non-contact) have a matching layer with acoustical 
impedance between the active element and water or air. Contact transducers also often 




Figure 20 % and % wave example (www.NDT-ed.org)
The backing material supporting the crystal has influence on damping characteristics 
of a transducer. The darnping limits the duration or decreases the amplitude of the 
vibrations. With the use of a backing material with impedance similar to that of the active 
element, it will produce the most effective damping. Such a transducer will have a 
narrow bandwidth resulting in higher sensitivity (www.NDT-ed.org).
2.6 Non-contact Transducers
A non-contact transducer is used without touching the material to be tested. Unlike 
the contact transducer, which transmits the signal directly into the material, the non- 
contact transducer signal passes first through air or water as displayed in Figure 21.
21
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In the materials industry, one of the early applications of non-contact ultrasound was 
the testing of Styrofoam blocks by utilizing a 25kHz frequency (Bhardwaj, M. 2001). A 
precursor to high frequency non-contact transducers was the 1982 development of 
piezoelectric dry coupling longitudinal and shear wave transducers up to 25MHz 
frequency. Dry coupling transducers feature a solid compliant and acoustically 
transparent transitional layer in front of the piezoelectric materials. These devices, which 
eliminate the use of liquid couplant, do require contact with the material. An important 
by-product of dry coupling devices was the development of air-gas propagation 
transducers, which utilize less than very low acoustic impedance matching layer of a 
non-rubber material on the piezoelectric material. These commercially available 
transducers have been successfully produced in a frequency range of 100 kHz to 5MHz. 
These devices quickly found applications in aircraft/aerospace industries for imaging and 
for defect detection in fibrous, low, and high-density polymers, and composites.
Similar transducers were also produced at Stanford University by utilizing silicone 
rubber as the front acoustic impedance matching layer (Reilly, D. 1991). By using such a 
transducer at 1MHz, the distance in air could be measured from 20mm to 400mm with 
an accuracy of 0.5mm.
Air coupled transducers based upon capacitance have also undergone substantial 
developments in recent years. These transducers, characterized by high bandwidths, 
have been used to evaluate composites and other materials (Schindel, D. 1995).
The main tool for the focus for this research was with the new Gas Matrix 
Piezoelectric (GMP) transducer and the Chirp pulse that was able to penetrate 
heterogeneous materials, such as asphalt concrete, for large depths for a clear and 
discernable signal (Bhardwaj, 2004).
22
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Contact Non-contact
Figure 21 Example of contact and non-contact method
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CHAPTER 3
BACKGROUND IN WAVE THEORY
The research utilizes equipment and transducers that use the Chirp wave. The 
purpose of this section is to allow the reader to get a better understanding of what this 
wave is and why it is used.
3.1 Traveling Waves
Ultrasonic testing is based on the vibrations in materials, which are generally referred 
to as acoustics. All material substances are comprised of atoms, which are able to be 
forced into a vibration motion about their positions. Acoustics is focused on particles that 
contain many atoms that move in unison to produce a mechanical wave. When a 
material is not stressed in tension or compression beyond its elastic limit, its individual 
particles perform elastic oscillations. When the particles of a material are displaced from 
their positions, internal restoration forces occur which can be measured as a response to 
the acoustic pressure (Lempriere, 2002).
Three different types of pressure waves are generated in the Ultrasonic methods that 
are applicable for material testing, longitudinal, shear, and surface waves. These waves 
travel at three different velocities with the compression waves traveling about twice as 
fast as the other does. The particle displacement of the compression wave is in the 
same direction of the wave. The shear wave is next in velocity with the particle 
displacement at right angles to the direction of wave travel. The Rayleigh (surface)
24
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waves travel the slowest and generate waves along the surface pushing the particle 
displacement in an elliptical fashion (www.ndt-ed.org).
Waves that propagate entirely inside of materials are planar and sometimes 
spherical represented by simple wave equations. These waves, as displayed above, are 
governed only by elasticity and inertia.
In material that is isotropic, the speed of a plane wave is the same in any direction, 
thus a point source excites spherical waves, which can be considered as plane waves 





Figure 22 Example of plane waves on sphere surface
For this research, the asphalt concrete material will be considered as anisotropic due 
to the potential for orientation differences of the gradation structure being sensitive to the 
mode of compaction. The laboratory samples will use a static compaction device, which 
tends to stratify the material while other techniques that employ a kneading type of 
compaction tend towards a more homogenous structure. However, since all samples will 
be compacted and tested in the same (vertical) direction, the results will allow for a 
relative comparison.
25
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The plane wave can be represented by an envelope of spherical waves emitted from 
points over a plane, such as a transducer element as exampled in Figure 23.
1 r i f f i|
agndkw d
r
* ; Flat surface (TransdiBer face)
X / Y .  A  /
i ' V l ' 1 , Plane wave
Figure 23 Example of plane wave developed by overlapping spheres
The acoustic waves associated with transmission through the air are longitudinal 
waves, which are the type of wave that is used for this research. In longitudinal waves, 
the oscillations occur in the longitudinal (parallel) direction to the direction of wave 
propagation. This velocity is specimen-geometry to wavelength dependent (Brown, A.E., 
1997). Therefore, the velocity of a set dimensional material will be different from that of 
infinite dimensions, which may affect the research results in that the fabricated samples 
have fixed dimensions.
The longitudinal wave causes the molecules to be subjected to compression and 
subsequent tension, creating a dense wave moving in one plane as demonstrated in 
Figure 24. They are also sometimes called density waves because their particle density 
fluctuates as they move. Compression waves can be generated in liquids, as well as 
solids.
When the wavelength is less than one-fifth of the material lateral dimensions, the 
velocity is often referred to as a bulk specimen longitudinal velocity.
26
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propagation .
Figure 24 Compression Wave Vibration® (Courtesy Hyperphysics, 2001)
3.1.1 Periodic Motion
This is the time required to complete a full cycle, tp, in seconds per cycle.
The elasticity and a source of energy are what is needed for periodic motion, and 
when the elastic object is an extended body, then the periodic motion takes the form of 
traveling waves (Figure 25). As an example, to produce a vibration frequency of 100 Hz, 
the source object must sustain periodic motion at 100 vibrations per second and the time 
between cycles is Equation 1 :
Equation 1 Period Time 




f = frequency 
T = Wod
Figure 25 Wave Properties (Courtesy HyperPhysics, 2001)
Hyperphysics illustrations are with written permission from Department of Physics and 
Astronomy, Georgia State University.
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3.1.2 Traveling Wave Relationship
A single frequency-traveling wave will take the form of a sine wave. An example of 
this wave is demonstrated in Figure 26, which represents an instant of time for the 
relationship of the wave properties of frequency, wavelength, and propagation velocity. 
The displacement of the material is perpendicular to the direction of propagation of the 
wave. This wave cannot propagate in a gas or a liquid because there is no means for 
driving the motion perpendicular to the propagation of the wave.
#meI'-#-'-
........ k ......
3@nod \  -----






Figure 26 Example of periodic motion (Courtesy HyperPhysics, 2001)
Among the properties of waves propagating in isotropic solid materials are 
wavelength, frequency, and velocity. The wavelength is directly proportional to the 
velocity of the wave and inversely proportional to the frequency of the wave. Equation 2. 
This relationship is shown by the Equation 3:
Equation 2 Frequency
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Equation 3 Wavelength 
Wavelength(X) =
Frequencyif)
The wavelength, k, is the distance traveled by one cycle in an instant in time. A 
change in frequency will result in a change in wavelength. As an example, for a 
frequency of 100 KHz and a material velocity of 3,000 meters per second, the 
wavelength would be 0.03 meters, or 30mm. In ultrasonic testing, the shorter wavelength 
resulting from an increase in frequency will usually provide for the detection of smaller 
flaws (HyperPhysics, 2001).
The reciprocal of a wavelength is the number of cycles for a given distance while the 
wave number is the quantity of radians in one cycle:
Equation 4 Wave number
, 2;rk = —
A
The motion relationship of distance with velocity and time is the key to the wave 
relationship. One method of visualizing and developing equations is to use a vibrating 
string. A solution to the wave equation for an ideal string can take the form of a traveling 
wave as displayed in Equation 5:
29
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Equation 5 Traveling Wave
y{x,t) = Asin— (x -  vtj or
A
y(x,f) = A s in ^ (x  + vfj
A = amplitude 
V = velocity 
X = Location of wave 
t = Time
3.1.2.1 Phase velocity (HvoerPhvsics. 2001))
The progression of a wave is the wavespeed or also termed phase velocity. The 
material itself does not move, however the wavespeed does depend on the material type 
and with exception of isotropic materials, also on the direction of the wave propagation. 
The phase velocity, V(j), Equation 6 is;
Equation 6 Phase Velocity
0) = Angular velocity 
f  = Frequency 
A = Wave length 
k  = Wavenumber
The speed of sound in gas, liquids, and solids is predictable from their density and 
elastic properties namely the bulk modulus, 6. In a volume, the phase velocity is the 
general Equation 7:
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Equation 7 Phase Velocity using Bulk Modulus





V = Velocity 
B = Bulk modulus 
p = Density
3 .1 2 .2  Angular Velocity (HyperPhysics. 2001)
For an object rotating about an axis, every point on the object has the same angular 
velocity. The tangential velocity of any point is proportional to its distance from the axis 
of rotation. Angular velocity has the units radian per second.
The Equation 8 is represented by of a point following the perimeter of a circle as 
indicated in Figure 27. The location on the perimeter at a given time is given by the 
phase angle.
Equation 8 Angular Velocity
0) = 2 jt f
0) = Angular velocity 
f  = Frequency
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*  Time
Figure 27 Phase Angle
A steady wave oscillation with a magnitude of a(t) as a function of time, with an 
amplitude A, and a circular frequency of w yields:
Equation 9 Oscillation 
a(t] = As\na}t
t = Time 
A -  Amplitude 
CD = Angular velocity
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Equation 10 Phase Angle
(j) = kx -  (ot k^x -v t^  =
k  = Wavenumber 
X = Distance 
0) = Angular velocity 
t = Time 
À = Wavelength
The above represents a single sine wave function. The type of signal transmission 
that is being generated for this research is a form of group wave called a Chirp.
3.1.3 Group waves
A group wave will use numerous waves from the same source but at different 
frequencies and/or velocities at the same instance by taking advantage of the 
constructive influence of the combined wave patterns (Lempriere, 2001). When different 
waves overlap, the portions that are in phase at one instant add to produce large peaks, 
which are named constructive interference. If the waves are equal in positive and 
negative, they cancel which results in no amplitude, which is named destructive.
The constructive and destructive affects result in one waveform of the combined 
waves as demonstrated in Figure 28 and Figure 29.
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Constructive Waves Destructive Waves
Figure 28 Individual Waves for group Figure 29 Combined Waves (group)
3.2 The utilization of a Chirp Pulse
The use of the group wave is the main constituent in a Chirp signal and is the main 
type of waveform that is used in this research. The use of a Chirp, which is a frequency 
swept signal, instead of a single frequency, allows for a high power, broad bandwidth 
signal to be used which gives excellent time resolution (Gan, 2001; Hutchins, 2001).
3.2.1 Chirp Signal
The Chirp signal is related to the Doppler effect in that the motion of the source 
yields a differential perceived frequency of the transmitted frequency at a given point as 
illustrated in Figure 30, which is summarized as a “Chirp” due to the similarity to a bird or 
bat sound.
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Figure 30 Example of Doppler effect relative to the Chirp signal
The use of the Chirp is applied in this research with a pulse-compression method. 
With the use of pulse compression and the use of a Chirp signal, the result is an 
elongated waveform with the width the overall duration of the signal and the rate of the 
frequency sweep defining the Chirp (Gan 2001).
The wave that is generated with the Chirp signal is represented by Equation 10 and 
has full amplitude as displayed in Figure 31.
Equation 11 Chirp signal (Gan, 2001)
C(n = sin 0)J +
O s f < T
a>s = Starting angular velocity 
B = Bandwidth 
T = Pulse duration 
t = Time
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Figure 31 Chirp Pre-Gaussian filter time 
domain
The Gaussian filter operator is a smoothing function that is used to smooth images 
and remove detail and noise. It uses a formula that represents the shape of a Gaussian 
(bell-shaped) hump as represented by Equation 12. The Gaussian distribution has the 
form as displayed in Figure 32:
Equation 12 Gaussian Formula
G(x) =
X = Distance 
o  = Standard deviation
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Figure 32 Gaussian Distribution
If a Gaussian filter is not used, the Chirp would be a straight full amplitude signal 
displayed from the lower to highest frequency (Figure 31) which results a bumpy Fourier 




Figure 33 Chirp Pre-Gaussian frequency domain
In order to eliminate this, a Hanning or Gaussian filter is used represented by 
Equation 13. When the filter is applied, the frequency spectrum is more defined, and 
visually there is the distinctive bell shape as illustrated in Figure 35 and Figure 36. The 
importance of this shape is to assure good sensitivity for the application of air-gap 
transducers.
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The Figure 37 through Figure 38 demonstrate the actual measurement of the 
beginning, middle and end of a Chirp with each section of the Chirp having a dissimilar 
frequency and amplitude.
Equation 13 Chirp modulated by Hanning filter (Gan, 2001)
j tB ,C n = H  nsiri coJ + — t
0 < f  < 7
where H{t] is the Hanning function : 
1H t 1-cos





Figure 34 Example of a Hanning filtered Chirp
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Figure 35 Filtered Chirp Figure 36 Gaussian frequency domain
Figure 37 Full 1 MHz Chirp bandwidth for Figure 38 Low end 850 KHz of the 1 MHz 
100 (isec duration Chirp bandwidth for pulse of 1.17 |xsec
Figure 39 Center of 1 MHz for a pulse of 
1 [isec
Figure 40 High end 1.15 MHz of the 1 
MHz Chirp for a pulse of 0.87 ^sec
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3.3 Integrated Response
The Integrated Response (fundamental response) is one of the measured values 
used in this research, which is directly related to the transmission coefficient of the 
material (Bhardwaj, 2001). The integrated Response (IR) is the calculated attenuation as 
measured, in decibels, of the tested material using a Chirp signal.
The basic equation for how the IR is determined in the pulser-receiver is using the 
amplitude spectra of the two signals; the initial, and the exiting. The signal is converted 
to a decibel value, which is the unit of the Integrated Response, which is a function of 
the sound pressure.
The following subsections are the background for the Integrated Response used in 
this research.
3.3.1 Sound Pressure
Sound waves consist of pressure waves (longitudinal) and one of the ways to 
quantify the sound is to state the amount of pressure variation relative to atmospheric 
pressure caused by the sound as described in Equation 14 (HyperPhyisics, 2001):
Equation 14 dB 
/(dB) = 10logio




/ = Intensity 
P = amplitude of the pressure wave
The factor of 20 is from the factor of 10 for conversion from bels to decibels and a 
factor of 2 introduced because in acoustics, a signal is characterized by its power is the 
square of its magnitude.
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Sound intensity, I, is defined as the sound power per unit area with the basic units of 
watts/m2 or watts/cm2. Many sound intensity measurements are made relative to a 
standard threshold of hearing represented by Equation 15 intensity 10:
Equation 15 Threshold Intensity with human hearing (HyperPhisics, 2001)
, . . 1 0 - ^
This decibel level of measurement is generally referenced to a standard threshold of 
hearing at 1000 Hz for the human ear as stated in the above equation or in terms of 
sound pressure:
Equation 16 Threshold Pressure with human hearing (HyperPhisics, 2001)
P o = 2x 1 0 -® -^
This value has wide acceptance as a nominal standard threshold and corresponds to 
zero decibels. It represents a pressure change of less than one billionth of standard 
atmospheric pressure.
The sound intensity will obey the inverse square law as long as there are no 
reflections or reverberations. A plot as indicated in the below Figure 41 represents this 
intensity drop.
41




surface of sphere 
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The energy M oe ee far from the 
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Figure 41 Inverse Square Example (Courtesy HyperPhysics, 2001)
The power carried by a plane wave is proportional to the square of the amplitude. 
The energy transferred to a material from a pressure wave is represented by the change 
in decibels by:
Equation 17 Delta dB (HyperPhysics, 2001)
M {d B )  = 20  log10
V1 and V2 are the measured voltage amplitudes
A plane wave will not change until it encounters a different material property that 
affects the elastic response for the wave. The change in amplitude is called attenuation 
or gain. This will result in a change in the waveform and affects the wave spectral 
content.
The attenuation is a negative value, however, if the signal is amplified, the logarithm 
is positive which is then called gain.
The amplitude of a constant sine wave is the peak reached in each cycle. When 
there are many superimposed waves at different frequencies such as a group wave, the
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
amplitude is defined as the peak. However, it is better to determine the character of the 
wave through the amplitudes of the individual waves, which is called the spectrum. The 
amplitudes of the stress and velocity in a wave are related by the acoustic impedance 
(Lempiere, 2001).
3.3.2 Acoustic Impedance
Sound travels through materials under the influence of sound pressure. Because 
molecules or atoms of a solid are bound to one another, the excess pressure results in a 
wave propagating through the solid (www.NDT-ed.org). Acoustic impedance is a ratio of 
acoustic pressure to flow and is somewhat similar to electric impedance®. An analogy is 
the comparison with electrical resistance, which is often explained with the flow of water. 
However, impedance is used instead of resistance because it is more complex than 
resistance. In electricity with direct current, resistance is used. However, with high 
frequency alternating current, impedance is used because more than the resistance in 
the wire is involved. When using hydraulic resistance, it would be the ratio of the 
pressure difference between the ends of a pipe to the flow in the pipe thus electrical 
resistance is the ratio of the voltage applied to the electrical current it produces. The 
specific acoustic impedance is a ratio of acoustic pressure to specific flow, or flow per 
unit area, or flow velocity.
A good word picture of this a swing. To get the best energy transfer, you have to 
push at the same frequency as the swing, and at the correct phase. When the swing is 
at the top of the cycle, when the swing is shortly at rest, this has the lowest impedance. 
When you push the swing in phase and at the correct frequency, the least amount of 
energy will be needed to keep the swing going. If you try to push against the swing at the 
bottom where it is going the fastest, much greater energy is needed to reverse its 
direction and the swing offers the greatest impedance.
® See reference in Bibliography for Acoustic
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The unit of pressure is the Pascal -  one Newton per square meter. Flow is 
measured in cubic meters per second.
The acoustic impedance Z  of a material is defined as the product of density p  and 
acoustic velocity V of that material.
Equation 18 Acoustic Impedance (www.NDT-ed.org)
Z  = pV
Z  = acoustic impedance
p = density
V  = velocity of the material
Unit = — ------
cm -  sec
Acoustic impedance is used for the determination of acoustic transmission and 
reflection at the boundary of two materials having different acoustic impedance, which in 
turn generates the Integrated Response value. The reflected energy is that percentage 
not absorbed by the material and reflected back to the transducer while the transmission 
energy is what percentage is passing through the material. Both are expressed in 
decibels.
3.3.3 Attenuation
Attenuation often serves as a measurement tool that leads to the formation of 
theories to explain physical or chemical characteristics, which decreases the ultrasonic 
intensity as shown in Figure 42.
Ultrasonic attenuation is the decay rate of mechanical energy as it propagates 
through material. A decaying plane wave is expressed in Equation 19.
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Figure 42 Example of wave decay
Equation 19 Attenuation (NDT-ed.org)
A  = A^e"
A = reduced amplitude at some location 
Aq = amplitude of the wave 
X = travel distance 
e = napiers constant = 2.71828
(Dividing by 0.1151 will convert to dB/length)
Attenuation can be determined by evaluating the multiple backwall reflections seen in 
a typical display Figure 43. The number of decibels between two adjacent signals is 
measured and this value is divided by the time interval between them. This calculation 
produces an attention coefficient in decibels per unit time Ut. This value can be 
converted to nepers/length by the Equation 20.
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Aâ JIa
Figure 43 A-scan display example of attenuation of a signal (Courtesy www.ndt-ed.org)
Equation 20 Attenuation Coefficient 
0.1151,a  = ■Ut
a  = attenuation coefficient (nepers/length) 
V = velocity of sound (m/s)
Uf = decibels per second
3.3.4 Internal Friction Q
Attenuation is the combined effect of scattering and absorption, which is due to the 
internal friction Q. This converts kinetic energy into heat from nonelastic material 
responses or defects. Internal Friction is the ratio of change of amplitude to the initial 
amplitude in a cycle as expressed in Equation 21;
Equation 21 Internal Friction Q 
-1 -1
Q =
j t 2 jt fA E 'lU J 1
A -  Amplitude 
£  = Energy
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The factor 2 in the denominator is due to the energy being the square of the 
amplitude. With a frequency-dependent Q, it is represented by Equation 22:
Equation 22 Amplitude from Internal Friction
a  = = attenuation coefficient =
2Qc V '
ft) = Angular velocity 
Q = Internal friction 
V = Velocity of sound 
Uf = dbs per sec
Attenuation over a given distance x for a single wave is then expressed as Equation
23.
Equation 23 Attenuation for a single frequency
d e - : : ? : 2 ? ^ - - 8 .6 8 6 < K  
2 0c
a  = Attenuation coefficient 
X = Distance
The above equation is expressed for a single wave to calculate the attenuation, and 
the phase spectra, which are then used to calculate the phase velocity (Zhao 2004). This 
is the transmission velocity of a sinusoidal wave at a given frequency in a material. The 
change of a waveform for a plane wave of this type of ultrasound due to the dispersion 
through the material and attenuation can be described mathematically as:
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A i=  amplitude 
x i = attenuation coefficient 
t = time 
v/= phase velocity 
fi=  frequency 
n = is the number of components, 
x/and ware frequency dependant
As an example, to simulate the process of waveform evolution of the pulse described 
by Equation 24, an initial pulse s1(t) is first generated at x = 0, as shown in Equation 25.
With the use of a Chirp signal and due to the numerous sine waves, Fourier theory is 
introduced at this point, which is any complex periodic waveform that can be 
decomposed into a set of sinusoids with different amplitudes, frequencies and phases. 
The process of doing this is called Fourier analysis, and the result is a set of amplitudes, 
phases, and frequencies for each of the sinusoids in the Chirp waveform. Adding these 
sinusoids together again will reproduce exactly the original waveform. A plot of the 
frequency or phase of a sinusoid against amplitude is called a spectrum ft 
The Gaussian wave is used for the pulse represented by the following:
Equation 25 Time Domain
exp
, 4 8 ,  , ,
s^{t) = — /  ' c o s (2 jtfj)
fc = center frequency 
8  is the bandwidth
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Or expressed as:
n
s^(0 = 2  A cos(2^/ -  0,]
;-1
iA/ = same as Equation 24, but was obtained by calculating a Fourier transform of the 
Gaussian pulse and 6i = phase spectrum.
Figure 44 Ultrasound pulse transmission
Assuming the length of the propagation path to be L, (Figure 44), the pulse signal 
evolves into the pulse signal s2('f);
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Equation 26 Fourier Transformed Signal




Vi = V o + f
a , = a ^ + f









Figure 45 Example of a) Pulsed signal with reflection, b) Amplitude of the 
signal, c) Fourier Transformed signal
In practical application, the pulser-receiver converts the mathematics into an 
Integrated Response value. The effect of using the Integrated Response (IR) is when 
comparing the IR value of the couplant medium such as air and the material itself as 
illustrated in Figure 46 (Bhardwaj 2001).
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Figure 46 Example of Non-contact transmission to determine IRm
(Bhardwaj, 2001)
The IR is related to the acoustic impedance of the material Z  The term Z  is 
represented by the previous Equation 18.
If the material is homogeneous, then the measurement of IRm  is related to the 
transmission coefficient expressed as:
Equation 27 IRm relation to T (Bhardwaj, 2001)
IR ^ = 2 0 \o g T  
T  = Equation 28
Asphalt concrete is not homogeneous due to being a composite of aggregate, 
asphalt binder, and air. Thus, this research will reveal the practical application of the 
Integrated Response for heterogeneous materials.
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3.3.5 Transmission Coefficient
One of the relationships involved is the transmission coefficient of the material. As 
ultrasound waves travel from a material with low acoustic impedance to one of high 
acoustic impedance, only a fraction of the energy is transmitted. The fraction of 
ultrasound transmission and energy transferred at the air-material interface is given by:
Equation 28 Transmission Coefficient for pulse-echo (Brown A., 1997)
T - y ------
(Z.+4)
I = energy transmitted into the material from the air 
10 = energy input 
H = Material attenuation coefficient 
p  = Density 
X = thickness of the material
This is related to the forward and reverse propagation using Figure 47, and as 
expressed in the following equations Equation 29 and Equation 30. Further derivation is 
given in the equation reference.
52




Figure 47 Signal reflection and transmission paths
Equation 29 Forward propagation (Brown A., 1997)
R  = ^  and T = R + 1 = :^— ^  + 1
Zg + Z, Zg +Z,
Equation 30 Reverse propagation:
and T' = ^ ~ ^  +1 
Z, + Zg z, + Zg
Given the theory above applied to the practical pulser-receiver measurement, the 
transmission co-efficient is derived as the ratio of transmitted acoustical energy V, volts, 
and the input energy Vo of a plane wave when refracted with 0° incidence on the 
interface between the two materials (Bhardwaj, 2001) as given in Equation 31:
Equation 31 T  proportional to Volt Ratio
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The equation and relationships can also be described in the decibel scale as 
Equation 32:
Equation 32 Energy 7 transferred to the material in decibels
7  = 20 log = 20 log 7
The transmission co-efficient is assumed independent of ultrasonic attenuation and 
thickness of the test medium. If the transmission co-efficient can be measured with a 
very high degree of certainty and precision, then it is possible to measure the absolute 
density of the test material by first determining the acoustic impedance, Zm, of the test 
material as given by Equation 33 and Equation 34.
Equation 33 Material Acoustic Impedance
( 2 - 7 )  ± 2 ( 1 - 7 )2
Zi = 4 ir
7  = Transmission coefficient
Equation 34 Density
=
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The IRm, which is the integrated response of the material, is determined from the IRc 
and IRa, which are the material plus air and the air column only, respectively. These 
values are determined using a pulser-receiver that will be described in the body of 
paper. Each of these values is represented on the pulser-receiver display either the peak 
value or the area under the processed signal curve (Bhardwaj, 2001). For this research, 
the peak value was used in order to assure a consistent value.
The determination of the IRa is simply the recording of the signal in air. Figure 48, 
with no sample between the transducers, then acquiring a signal with the sample 
designated as IRc as illustrated in Figure 49 and Equation 35. The pulser-receiver has a 
Quality Control (QC) module which records and generates statistical means and 
standard deviations of the measurements as demonstrated in Figure 50 and Figure 51.
Equation 35 IRm 
I R m  =  I R c  -  I R a  
I R m =  material (Z^)
IRc = material and air columns both sides of material 
IR g=  air column (Zg)
I
Figure 48 Air Column Signal IRa Figure 49 Material and Air Signal IRc
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Figure 50 QC Module Figure 51 Example of QC data
I
luien)
Figure 52 Typical Chirp signal
As an example, when using the transmission coefficient values obtained by the 
manual screen acquisition, the values can be used in the IR equation to yield a close 
approximation to the actual measured value from the puiser processor. The pulser- 
receiver settings are listed in Table 1. The Figure 53 and Figure 54 are the screen 
images of air measure and the sample plus air measure respectively, IRc. The
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measurement was made by aligning the y-axes ratio value with the in IR peak. The 
values and subsequent calculations are displayed in Table 2 and Table 3. The manually 
measured value of -80.04dbs is nearly the same as the pulser-receiver processed value 
of-79.86dbs. The processed value will be more precise due to averaging all of the curve 
points.













IRair Wave Peak 1531.54 20log(1531.54) = 63.70
IRc Wave Peak 0.15242 20log(0.15242) = -16.34
IRm = IRc -  IRa = -80.04 dbs
Table 3 Example of Integrated Response Value using Puiser Measured Values
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Figure 53 Integrated Response of the Air





Figure 54 Integrated Response for the Sample
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CHAPTER 4 
METHODOLOGY
The use of non-contact ultrasound technology depends on a clear signal transmitting 
through the specimen. This is a function of the frequency, dispersive effects, and 
environment. Due to the new use of the non-contact transducers, this study required 
three separate phases:
Phase I Selection of an ultrasound system and sensitivity study. A discovery 
process, which allowed for the determination of a transducer type that could be used 
with HMA including a sensitivity study.
Phase II Study for a Detection of a Density Change. Physical testing of HMA and 
ultrasound measurements for analysis of correlations with specific gravity.
Phase III Repeatability Study using two designs not used in Phase I or 2. This phase 
was used in order to see if the findings in Phase I and II were reproducible in two other 
designs from dissimilar materials of Phase I and II.
Due to the several steps involved, this research is organized into various tasks as 
follows:
Phase I: Selection of an ultrasound system and sensitivity study 
Task 1: Selection of the Non-contact Transducer 
Task 2: Research Material Selection and HMA Preparation 
Task 3: Description of data acquired
Task 4: Optimization of the NCU system and data acquisition process 
Subtask 1: System parameter sensitivity study
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Subtask 2: Scanning sensitivity for beam samples 
Subtask 3: Best mode for Integrated Response versus material properties 
Phase II: Study for a Detection of a Density Change
Task 1: Design 1 Description of Data Acquired for this Study 
Task 2: Results and Analysis 
Phase III: Repeatability Study using two designs not used in Phase I or 2 
Task 1: Designs 2 and 3 Description of Data Acquired for this Study 
Task 2: Results and Analysis
4.1 Phase I: Selection of an Ultrasound Svstem and Sensitivitv Studv
The purpose of this phase was to first determine what type of transducer would 
accomplish the research objective. Next, the transducer and pulser-receiver system 
needed to be checked to see if varying any of the system parameters within a population 
of samples would create errors. In other words, if adjustments were made to the 
measuring parameters with a mix design population, would it affect the comparing of 
results with respect to each other? Another aspect was which type of scanning method 
was the best for the correlation of the ultrasound measurements against the HMA 
material properties. Scanning is a term used to transmit the signal many times by 
moving the material in order to then get an average value of the material.
4.1.1 Phase I Task 1: Selection of the Non-contact Transducer
The purpose of this task was to contact the sole source vendor and perform a trial 
test with a non-contact system that made it possible to test the highly attenuated HMA 
material. This involved exploratory ultrasound measurements and a field trip to the 
vendor laboratory for discussion with and training in the use of the new transducer and 
processing equipment.
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4.1.2 Phase I Task 2: Research Material Selection and HMA Preparation
The HMA material consisted of four different aggregate materials and two different 
asphalt cement binders resulting in four different HMA designs. The purpose of different 
aggregate sources was to assure that the technique was applicable to more than one 
material source and therefore uniformly applied. The two different asphalt cements were 
not a research variable.
Two different material fabrication techniques were employed; one was the use of 
75mm by 150mm by 300mm beam molds which replicate the actual road placement 
compaction while the second being the use of 150mm diameter by 75mm high cylinder 
molds which is applicable to the laboratory design process. The material type and the 
equipment used for the preparation are described.
4.1.3 Phase I Task 3: Description of Data Acquired
The purpose of this task was to describe the method by which to acquire the data. 
There are two components:
- HMA material property testing
- Ultrasound measurements
The primary construction material property utilized in construction is the HMA 
density. The subtask describes the density testing process (bulk specific gravity) using 
the CoreLok™ vacuum seal method and the Saturated Surface Dry method. The other 
test is an HMA performance indicator that measures the depth overtime on an applied 
load, commonly referred to as a rut. The equipment for this test is named the Asphalt 
Pavement Analyzer.
The ultrasound measurement was acquired from the ultrasound signal via a pulser- 
receiver processor using the Integrated Response (IR) and the calculated material 
ultrasound velocity. This system will be described as to how the measurement was 
recorded and the operation function of the equipment.
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Before the actual research began, there was a need to optimize the system, thus 
Task 4 was implemented.
4.1.4 Phase I Task 4: Optimization of the NCU svstem and data acquisition process 
The purpose of this task was to explore the use of the transducer for the HMA 
application relative to atmosphere environmental conditions, different ultrasound system 
parameters, and scanning modes. There are two subtasks, first the sensitivity of the 
system parameters and second, the use of scanning versus non-scan mode.
4.1.4.1 Subtask 1: Svstem Parameter Sensitivity Studv.
The parameters were defined and a description of the HMA materials tested. The 
materials were of the same used in the main research, however a much smaller 
population. The recording of the ultrasound measurements and subsequent analysis will 
be discussed that will yield the preferred research equipment settings.
4.1.4.2 Subtask 2: Scanning Sensitivitv for Beam Samples
The purpose was to decide the best way to place the transducer to physically 
acquiring the data. The transducer can be fixed in place for a single shot or it can be 
moved manually or automatically to scan may different locations of the same HMA 
material. Ultrasound measurements were performed followed by an analysis.
4.1.4.3 Subtask 3: Best Mode for Integrated Response versus Material Properties 
The Integrated Response values were compared to the material properties in order
to select the best scanning mode.
4.2 Phase II: Studv for a Detection of a Densitv Change
The purpose of this phase was to determine if a density change can be detected for 
one sample point. In phase I, the correlation of data within replicates points was 
possible, however, it is by chance, not intentional. Thus, this phase will purposely 
compact the same mix type with four different compaction efforts. In other words, the
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aggregate and binder ratio will be the same for four points and the only change will be 
the sample volume, which is directly related to the air voids.
The samples were ultrasound measured and using the NCU Integrated Response 
and calculated HMA velocity measurements were then analyzed with the HMA 
properties of Bulk Specific Gravity and rutting. The correlations were determined with the 
use of the excel® spreadsheet data analysis module.
The materials, preparation, testing, and measurements are the same as described in 
Phase I.
4.2.1 Description of Data Acquired for this Studv
The purpose of this task was to describe the method by which to acquire the data, 
which was essentially the same as in Phase I. There is a table describing what type of 
values were obtain.
4.2.2 Results and Analvsis
Data tables are given followed by an analysis
4.3 Phase III: Reoeatabilitv Studv using two designs not used in Phase I or 2
The purpose of this phase was to use what was discovered in Phase I and apply the 
NCU system parameters to other designs to assure that this technique could be applied 
across many material types. The samples were ultrasound measured and using the 
NCU Integrated Response and calculated HMA velocity measurements were then 
analyzed with the HMA properties of Bulk Specific Gravity and rutting. The correlations 
were determined with the use of the excel® spreadsheet data analysis module.
The materials, preparation, testing and measurements are the same as described in 
Phase I.
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4.3.1 Description of Data Acquired for this Studv
The purpose of this task was to describe the method by which to acquire the data, 
which was essentially the same as in Phase I. There is a table describing what type of 
values was obtained.
4.3.2 Results and Analvsis
Data tables are given followed by an analysis.
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CHAPTER 5
PHASE I TASK 1 SELECTION OF AN ULTRASOUND SYSTEM AND SENSITIVITY
STUDY
The purpose of this task was to find a transducer and system that could be used for 
Hotmix Asphalt (HMA) to effectively transmit a clear signal through this highly attenuated 
material.
The University of Nevada, Las Vegas (UNLV) Civil and Environmental Department 
informed Clark County Construction Management Division that they were utilizing a 225 
KHz broadband non-contact transducer for rock studies. Due to this information, HMA 
samples were ultrasonically measured to discern if the same transducers would allow for 
air-gap detection. A reasonable signal was detected, based on the strong visual peak of 
the display and the low standard deviation of under 0.5dbs, however only for thicknesses 
under 50mm. This prospect was disconcerting due to the need for a non-contact 
ultrasound technique applied to quality control field core samples and laboratory 
manufactured materials for the measuring of material characteristics, such as specific 
gravity, which usually have a thickness range between 50mm to 150mm.
Subsequently the vendor was contacted and a field trip to their laboratory was 
pursued to see if their facility had techniques and transducers that would be able to 
accommodate this type of high attenuating material.
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5.1 Visit to the Vendor
The purpose of the trip was to see if the transducers could transmit clearly beyond 
the 50mm thickness and could the measurements discriminate between material types. 
This task is organized as follows;
5.1.1 Materials used for the Ultrasound Measurement
5.1.2 Equipment for measurement and data to be acquired
5.1.3 Ultrasound measurement of the samples
5.1.4 Results and Analysis
5.1.5 Summary
5.1.1 Materials used for the Ultrasound Measurement
The HMA samples represented were 75mm thick and were each dramatically 
different in constituent material, primarily the aggregate size as displayed in the cross 
section in Figure 55. These samples were not fabricated for this experimentation, but 
were selected randomly from actual samples collected from construction projects in 
Clark County, Nevada. The aggregate gradation specification for each complied with the 
Regional Transportation Commission of Southern Nevada (RTCSN) Uniform Standard 
Specification as typified in Table 4.
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Table 4 RTCSN USS for Gradation Type











7 - 2 5 5-19 7 - 2 7
2-9 2-7 2-10
Mix Type “A”: 25 mm Fine 
Aggregate
Mix Type “B”: 25 mm 
Coarse Aggregate
Mix Type “C”: 12.5 mm 
Fine Aggregate
Figure 55 Sample Types for Experimentation at Ultrans Groups Laboratory
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5.1.2 Equipment for measurement and data to be acquired
The investigation utilized a pulser-receiver system and two 225kHz transducers 
configured in the direct transmission mode. The pulser-receiver tuning and general 
function is explained later in the dissertation and as reference in Appendix II.
The transducers were positioned and fixed one on each side of the sample while the 
sample rested on a table configuration as displayed in Figure 56. In order to obtain a low 
standard deviation of the signal variation, a gel (Vaseline) was used to minimize the 
surface scatter. The transducers were connected to the pulser-receiver, which is the 
main control for the transmission of the Chirp wave
Figure 56 Sample and Transducer setup Figure 57 Pulser-receiver
The data that can be acquired from the system is the time-of-flight (ToF) and the 
Integrated Response (IR). This is accomplished using a Chirp signal, which is related to 
the acoustic attenuation of the material, which in turn relates to the material property 
(Bhardwaj 2000). These relationships are explained in the background of the 
dissertation.
There are two measurements to acquire the IR value of the material, which is termed 
IRm.
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• IRa= IR of the air, only
• IRc = IR of the air and the material
The IR of the material is simply the subtraction of IRa from IRc;
Equation 36 Integrated Response of the Material
IR „ = /Rg -  IRg
5.1.3 Ultrasound measurement of the samples
After an initial successful check for a signal through the 75mm HMA sample, the 
transducers were set as displayed in Figure 58 and a processed signal value was 
recorded of the air gap using the Integrated Response (IRa) value. The samples were 
then placed between the transducers. Ultrasound measurement was then again 
obtained which is the IRc. The system automatically records the data as exampled in 
Figure 59.
With the facilitation of the vendor laboratory staff, a signal was detectable through 
the 75mm thick material, however it was not stable enough for quality control purposes. 
The determination for this instability is in the pulser-receiver, which contains a QC 
software module with the ability to measure and record numerous signal pulses yielding 
a statistical mean and standard deviation. The standard deviation of the data was 
extremely high which would indicate that there was an unacceptable level of signal 
dispersion.
After the discouraging results, two newly designed GMP transducers were then 
applied that have a central frequency of 121 KHz and a bandwidth of 36 KHz^. Due to
GMP Gas Matrix Piezoelectric Composite Transducer
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the manufacturing process, they can be fashioned in extremely large and even complex 
shapes.




Figure 59 IRa Air Gap Values Recorded by the System
These transducers have been successfully produced from 50 kHz to 500 kHz 
frequencies and evaluated for ultrasound efficiency in air, water, and solids. The size 
utilized for this experiment was a square 63mm x 63mm effective area. Illustrations of 
this type of transducer is displayed in Figure 60.
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These new transducers provided a clear signal with a standard deviation less than 
0.4dbs. The signal values were recorded for all of the samples using the procedure 
stated above. The Figure 61 through Figure 68 display the samples and resulting IR 
result on the pulser-receiver screen.
Figure 60 Typical GMP Transducers
Figure 62 Air Gap Signal Image
Figure 61 Air Gap
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Figure 64 IRc Signal
Figure 63 %” Fine aggregate Mix A
i
Figure 66 Mix B Signal Image for IRc
Figure 65 %” Coarse Mix B
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Ii ltn c  (u s M s )
Figure 68 Mix C Signal Image for IRc
Figure 67 %" Mix C
5.1.4 Results and Analvsis
The displayed recordings of the Integrated Response signals and the variation of 
each demonstrated a clear difference between each material gradation type. The results 
are displayed in Table 5. Using the quality control data module data, a null hypothesis 
was conducted. The Null Hypothesis equation is as follows:
Two tailed test for a  = 0.05
Hq . Xj = Xj
Hg . X j ^ X j
Using the student t-test with:
Equation 37 Student t-test
SE
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The null hypothesis analysis, as demonstrated below, resulted in the rejection of the 
Null Hypothesis in all cases of comparing mix A, B and C for a t-critical of 2.09 for a two- 
tail a  = 0.05. As noted in the table, the number of transmissions, n, is 20. By definition in 
the use of the equipment, when one signal is transmitted in a period, it can replicate that 
shot as many time as the operator would like, then average the signal recording for a 
mean and standard deviation. Thus, in this case, the equipment was set at a signal 
averaging of 20 and the values for the IRa, IRc and accompanying standard deviation 
was based on 20 shots.
Table 5 Integrated Response Measurement Values, n = 20
Mix Type IRc (dBs)
Standard 








SD for  
IRc and 
IRa
A -6.87 0.157 72.70 0.055 -79.57 0.166
B -9.81 0.276 72.70 0.055 -82.51 0.281
C -0.541 0.108 72.70 0.055 -73.24 0.121
Table 6 Integrated Response Measurement t-test Results
df = 38 StandardError
t-test 
Compare A to 
B
t-test Compare 
A to  C
t-test 
Compare B to 
C
A 0.0270 108.94 -138.65 -471.49
B 0.0457 t-critical = 2.02C 0.0197
There is a remarkable real difference of the IR between these samples, and the fact 
that they have a large thickness of 75mm is very conducive to laboratory quality control 
testing. The ToF is different for each sample however is not conducive on its’ own as a 
material property indicator. The ToF is affected by the thickness of the sample, the air
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gap, and the material properties. The use of the ToF is in the calculation of the material 
velocity, which will be expanded later in the dissertation.
Given this valuable information through the exploratory visit to the Ultran Group 
laboratory in Pennsylvania, a more formal testing protocol was in order at the Clark 
County Public Works facility.
5.1.5 Summary
• It was found that the ultrasound signal using a low frequency GMP transducer 
with a center frequency of 121kHz could effectively pass through a 75mm  
thick HMA sample.
• The Integrated Response values were significantly different between each 
material type.
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CHAPTER 6
PHASE I TASK 2 RESEARCH MATERIAL SELECTION AND HOTMIX PREPARATION
The excellent outcome from the trip to the vendor prompted the research design 
needed to prove the application asphalt concrete. This section will discuss the following:
6.1 Asphalt Concrete Background
6.2 Asphalt concrete mix design theory
6.3 Mix designs used for the research
6.4 Sample Preparation
6.1 Asphalt Concrete Background
Asphalt Concrete, which for this paper will be referred to as Hotmix Asphalt (HMA), 
has aggregate that is the granular material which constitutes about 93 to 96 percent of 
the mixture weight and provides the primary load bearing uniqueness of the mix. As a 
result, the quality and physical properties of the aggregates are a significant factor in the 
pavement performance.
The aggregates were produced through a crushing process into various sizes 
ranging from 37.5mm diameter cascading down to a measurable size of 0.075mm  
diameter.
The aggregate material was selected from different geographical areas in order to 
assure diverse design values through different crushing operations however, is was not 
a factor in this task.
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The asphalt cement grade and characteristics are critical to the performance of the 
asphalt pavement in a given environment. Asphalt cement (binder) is a waste product 
from the refinery processing of crude oil, which is sometimes called the “bottom of the 
barrel”. It is very viscous with the characteristic of having a viscosity that varies with 
temperature. The properties depend on the refinery operations and the composition of 
the crude source.
There were two different asphalt cement type used for this research, AC-20, and AC- 
30 as defined by the local specifications to the Regional Transportation Commission of 
Southern Nevada (RTCSN) standard specifications.
The softer AC-20 was the constituent for the beam samples in order to assure a high 
rut value and AC-30 was applied to the cylinder samples. The rutting test will be 
described later.
The aggregates and binder are combined in an asphalt-concrete plant, which heats 
the components to the proper temperature, proportions, and mixed to produce the 
desired pavement material. The HMA is then transported to the paving site then placed, 
compacted, and allowed to cool.
6.2 Asphalt Concrete Mix Design Theorv
According to the Asphalt Institute MS-2 design practice, the objective of the design of 
HMA mix is to determine the sufficient:
Asphalt to ensure a durable pavement.
Stability for the traffic loading
Air voids to allow for a slight amount of traffic compaction to prevent bleeding 
Maximum air voids to prevent oxidation of the binder and permeability 
Workability’
Proper aggregate texture and hardness for skid resistance
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In order to accomplish those requirements, a basic understanding of the volume 
components is needed.
6.2.1 Volumetries
The determination of each mass component is simple. The material is placed on a 
scale and then directly read the mass. However, in HMA, it is determining key volumes, 
which prove to be difficult. In order to compare both, the following graphics will display 
volume and mass, which will illustrate the different aspects. Figure 69 and Figure 70 
demonstrate a cross-section of a typical HMA mix. As can been seen, there is aggregate 
and binder and what is difficult to present is the air that is dispersed throughout the mix. 
In order to better represent this heterogeneous matrix, the simplistic volume phase 
diagram is used as indicated in Figure 71.
All of these components come into play later in the analysis section of this paper, 
thus, it is important to discuss them here, which will provide point of reference.
Figure 69 HMA illustration (NCAT) Figure 70 Actual HMA cross-section
6.2.1.1 Nomenclature Definitions
The nomenclature for the various formulas is given as follows (NCAT): 
Mass (P) or Volume (V) concentration: Pxy or Vxy 
X: b = binder
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s = stone (i.e., aggregate) 
a = air 
y: e = effective 
a = absorbed 
b = bulk 
Example:
Pb = percent binder
6.2.1.2 Volume Descriptions
The description of each volume is as follows and displayed in Figure 71: 
Vmb, Volume of the entire sample,
Vmm, Volume of the aggregate plus the binder,
VMA, Volume of the voids in the mineral aggregate,
Vb, Volume of the binder
Vba, Volume of binder absorbed into the aggregate,
Vsb, Volume of mineral aggregate by bulk specific gravity,
Vse, Volume of mineral aggregate by effective specific gravity.




Figure 71 Asphalt Concrete Volumetric components
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6.2.1.3 Specific Gravity Descriptions
The specific gravity description, using the graphic in Figure 71, can be thought 
similar to an empty bucket. The first thing that is added to the bucket is the aggregate. 
The volume of aggregate has two components, which are volume of the solid particle 
and volume of the water-permeable voids. The next thing that is added to the bucket is 
the asphalt cement (binder).
The aggregate has surface voids, some of which the binder fills. The remainder of 
the binder remains on the surface of the aggregate. This is the binder that is available for 
creating adhesion between the aggregates and is referred to as the effective asphalt.
When the sample is compacted, the total volume will also contain a percentage of air 
voids. Voids in Mineral Aggregate (VMA) are the sum of the air voids and the volume of 
effective asphalt.
Using the same subscript as above, the various specific gravities are represented as:
• Gsb, Bulk Specific Gravity (Figure 72 and Figure 73): the ratio of the weight in 
air of a unit volume of a permeable material (including permeable and 
impermeable voids) at a given temperature to the weight in air of equal 
density of an equal volume of gas-free distilled water at the same 
temperature (MS-2).
• Gsa, Apparent Specific Gravity (Figure 74): the ratio of the weight in air of a 
unit volume of an impermeable material at a given temperature to the weight 
in air of equal density of an equal volume of gas-free distilled water at a 
stated temperature (MS-2).
• Gse, Effective Specific Gravity (Figure 75): the ratio of the weight in air of a 
unit volume of a permeable material (excluding voids permeable to asphalt) 
at a stated temperature to the weight in air of equal density of an equal 
volume of gas-free distilled water at a stated temperature.
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Gmm, Maximum Specific Gravity of Mix (Figure 76); the ratio of the weight in 
air of a unit volume of a permeable material excluding permeable voids at a 
stated temperature to the weight in air of equal density of an equal volume of 
gas-free distilled water at a stated temperature. This value can be either 
obtained by a physical test or calculated based on other material properties. 
The mix design practice is to use the physical test, although the calculation is 
a good check.
Figure 72 Aggregate Bulk Specific Gravity 
(Shaded voids represent water filled)
Figure 73 Bulk Specific Gravity (Mix)
Figure 74 Aggregate Apparent Specific Gravity
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\fel. o f water-perm. voids 
not iWad with ssphalt
Asorbedmpha*
Figure 75 Effective Specific Gravity
Figure 76 Maximum Specific Gravity (no air voids)
6.2.2 Equations
The volume quantities are found by using the mass divided by the specific gravity 
(SG) of the material at different phases represented by the following equations:
6.2.2.1 Mix Specific Gravities
Bulk Specific Gravities of Aggregate using several stockpiles, Equation 38:
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Equation 38 Mix Aggregate Bulk SG
G„
Gst, = Total Bulk Specific Gravity 
Rj.Pn = Percent of each stockpile 
Gi,G„ = Bulk Gravities of each stockpile
Effective Specific Gravity of the mix aggregate, Equation 39:
Equation 39 Effective SG
P - RQ  _ mm '^bse p  p
' m m  ' b
Gh
Ggg = Effective Specific Gravity 
G^m = Maximum Specific Gravity 
Pmm = Percent total loose mix 
Pb = Percent binder in total mix 
Gb = Specific Gravity of binder
Maximum Specific Gravity of Mix, Equation 40:
Equation 40 Maximum SG
P
G _  = — ^
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= Maximum SG
= Percent by total weight loose mix 
Pg = Percent aggregate 
Pb = Percent binder 
Ggg = Effective SG 
Gb = Binder SG
6.2.3 Design Relationships
One aspect of the Asphalt Institute design process is that samples are processed 
with different binder content usually with a 0.3% to 0.5% spread and measured for air 
voids to see how close the samples are to the target 4% air voids as seen in Figure 77, 
which displays the relationship that as the binder increases, the percent air decreases. 
This relationship is also helpful in determining if the fabricated design sample is correct. 
For instance, if the plotted point(s) do not agree within the specification method standard 




4.0 6.0 7.01.0 2.0 3.0 5.0 8.0
% A ir Voids
Figure 77 Example of the % Air versus % Binder Relationship
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6.2.3.1 Air Voids
One of the important criteria’s in quality is the compaction on the road. The 
compaction will vary dependent upon many factors, which are, but not limited to binder 
content, correct aggregate proportions and temperature. The research focused on 
varying two of these variables: the binder and the aggregate. This was done in order to 
ultrasound measure for correlation to the bulk specific gravity (BSG) and the percent 
binder.
According to the Asphalt Institute MS-2 design process, the BSG will increase as the 
percent binder increases to a peak then decrease or level off which is a master curve for 
the design (Figure 78). Another aspect is the Maximum Theoretical Specific Gravity 
which represents only the aggregate and binder; no air content (except for what is 
trapped in the aggregate). The short name for this is the Rice, which is the name of the 
person who discovered this test method. The Rice decreases as the binder increases as 
demonstrated in Figure 78. The mix air void content is the difference in the volume 
between the Rice and the BSG. However, this air void content does not reflect the 
amount of air still trapped inside of the aggregate.
Given both values of BSG and the Rice, the following is used to determine the air 
voids:
Equation 41 Percent Asphalt Mix Air Voids
V = 100 -  ^mb
Gmm
= Maximum specific gravity (Rice)
= Bulk specific gravity of mix
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The bulk and maximum specific gravity relationship is also helpful in assuring the 
proper design sample fabrication.
Given the master curve in Figure 77 and Figure 78, it should be possible to represent 
the same type of curve using the ultrasound (Although, this is not the focus of this 
research). The aggregate stockpile proportions will affect the composition and therefore 
the master curve; therefore, the gradation was varied in order to establish two other 
clearly different mixes from the original in order to see if they track and are different from 
each other.
In order to establish these other designs, the coarse and fine fraction was varied.
The break point between the definition of coarse aggregate and fine aggregate is the
4.25 mm sieve® (ref: fine aggregate) or in the case of Clark County, Nevada, the 2.36 
mm sieve (RTC b). The definition is that the coarse aggregate is 100% retained on the
4.25 (or 2.36 mm) sieve while the fine gradation is 100% passing that sieve. For this 










3.0 4.0 6.05.0 
% Binder
♦ Bulk Specific Gravity ■ Maximum Specific Gravity
7.0
Figure 78 Example of % Binder to Bulk Specific Gravity and Maximum Specific Gravity
Relationship
' See the reference in the Bibliography for fine aggregate
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6.3 Mix Designs Used for the Research
Four designs were selected that were already being used in the Clark County Public 
Works (CCPW) and Nevada Department of Transportation (NDOT) projects and were 
chosen for convenience and are not a factor in this research. The location of the 
aggregate sources was different and considered a factor. Two were from aggregate pits 
in Northern Nevada while the other two in Southern Nevada. The purpose of the different 
aggregate sources was to demonstrate that the ultrasound measurements are applicable 
in any mix design aggregate source.
The original NDOT design uses the Hveem design process (Asphalt Institute MS-2) 
where the CCPW  Designs use the Marshall Design process (Asphalt Institute MS-2). 
These two different processes are not a factor; what they do is allow for a target 
gradation and binder content.
The bottom line is that the four designs were varied in gradation and binder content 
off a target gradation and air void content. The air void content is a design and field 
criteria that are very important for mix design quality, which is the air volume in a binder 
after the aggregate, and binder volume has been accounted in one cubic meter.
Three of the designs used the standard Marshall 6” diameter mold with a target air 
void of 4%. Another compaction mode was used, the 75mm x 150mm x 300mm beam 
that is used as a vibratory compactor that represent not the lab condition, but 
compaction as the material is paved on the road. The target air void for the field 
placement in Clark County is 6% ± 1%.
The four mix design gradations used in this research were fabricated from the 
materials noted in Table 7. The Table 8 contains the asphalt cement designation for 
each aggregate type. The aggregate material type and locations were varied in order to 
see if the process could be used at any location.
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The design gradations are indicated on Table 9 through Table 12 which represent 
the aggregate stockpiles and the combined gradation for the mix followed by the target 
binder and air void design values, Table 13, as given from existing mix designs.







1 Blue Diamond 25 miles south of Las Vegas Limestone and basalt
2 Mustang Pit Northern Nevada Limestone and granite
3 Lockwood Pit Northern Nevada Limestone and granite
4 Apex 20 miles north of Las Vegas, Nevada Limestone
Asphalt
Cement
A Denver, CO AC-20
B Santa Clara, CA AC-30
Table 8 Asphalt Concrete Mix Binder and Design Type
Design Number 1 2 3 4
Asphalt Material Source B B B A
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Table 9 Design 1
Bin 1 Bin 2 Bin 3 Bin 4
Percentaqes 25.0 33.0 18.0 24.0 100.0



















1" 25.0 100.0 100.0 100.0 100.0 100.0
3/4" 19.0 72.0 100.0 100.0 100.0 93.0
1/2" 12.5 19.0 100.0 100.0 100.0 79.8
3/8" 9.50 2.0 83.0 100.0 100.0 69.9
#4 4.75 1.0 13.0 100.0 100.0 46.5
#8 2.36 1.0 2.0 72.0 73.0 31.4
#16 1.18 1.0 2.0 45.0 51.0 21.3
#30 0.60 1.0 2.0 30.0 37.0 15.2
#50 0.30 1.0 2.0 22.0 27.0 11.4
#100 0.15 1.0 2.0 17.0 17.0 8.1
#200 0.075 1.0 1.4 12.0 10.0 5.3
Table 10 Design 2
Bin 1 Bin 2 Bin 3 Bin 4 Bin 5
Percentaqes 18.0 20.0 9.0 43,0 10.0 100.0
Design 2 +0 Fineness ,  
Modulus =
Surface „ .  _ 
Area =













1" 25.0 100.0 100.0 100.0 100.0 100.0 100.0
3/4" 19.0 49.1 100.0 100.0 100.0 100.0 90.8
1/2" 12.5 4.4 55.9 100.0 100.0 100.0 74.0
3/8" 9.50 1.7 19.2 96.4 99.6 100.0 65.7
#4 4.75 0.8 1.7 14.5 88.8 98.9 49.9
#8 2.36 0.8 1.4 1.1 54.6 97.1 33.7
#16 1.18 0.8 1.4 1.1 31.8 92.7 23.5
#30 0.60 0.8 1.4 1.1 21.0 74.8 17.0
#50 0.30 0.8 1.3 1.1 15.3 37.1 10.8
#100 0.15 0.7 1.2 1.0 12.2 10.4 6.7
#200 0.075 0.6 1.1 0.9 10.3 3.8 5.2
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Table 11 Design 3
B in i Bin 2 Bin 3 Bin 4 Bin 5
Percentages 24.0 11.0 15.0 40.0 10.0 100.0



















1" 25.0 100.0 100.0 100.0 100.0 100.0 100.0
3/4" 19.0 69.1 100.0 100.0 100.0 100.0 92.6
1/2" 12.5 7.9 97.6 100.0 100.0 100.0 77.6
3/8" 9.50 1.8 38.0 98.7 100.0 99.6 69.4
#4 4.75 0.9 0.8 12.1 95.1 98.9 50.1
#8 2.36 0.7 0.5 0.5 65.6 98.0 36.3
#16 1.18 0.6 0.4 0.3 40.9 95.0 26.1
#30 0.60 0.5 0.4 0.3 26.6 82.4 19.1
#50 0.30 0.5 0.4 0.3 18.7 48.0 12.5
#100 0.15 0.4 0.3 0.2 14.1 15.3 7.3
#200 0.075 0.3 0.2 0.1 11.5 5.2 5.2
Table 12 Design 4
B in i Bin 2 Bin 3 Bin 4
Percentages 30.0 25.0 30.0 15.0 100.0
Design 4 +0 Surface Area =










1" 25.0 100.0 100.0 100.0 100.0 100.0
3/4" 19.0 73.0 100.0 100.0 100.0 91.9
1/2" 12.5 18.0 100.0 100.0 100.0 75.4
3/8" 9.50 4.0 80.0 100.0 100.0 66.2
#4 4.75 1.5 9.0 98.0 100.0 47.1
#8 2.36 1.4 2.1 63.0 97.0 34.4
#16 1.18 1.4 2.0 29.0 71.0 20.3
#30 0.60 1.3 2.0 18.0 41.0 12.4
#50 0.30 1.3 2.0 13.0 19.0 7.6
#100 0.15 1.3 2.0 10.0 8.0 5.1
#200 0.075 1.2 1.9 8.7 5.6 4.3
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In order to assure a discerning difference in the design with a change in gradation, 
the 2.36mm sieve was varied by +8% and -  8%. This also forced the previous and 
subsequent material sizes to vary by some percentage above or below 8%. These actual 
gradations are given on Table 14 and Table 15 and all of the gradation types are 
illustrated graphically in Figure 79 through Figure 82.
Table 14 Gradation for -8% on the 2.36mm Sieve
Design 1 Design 2 Design 3 Design 4
Sieve
(mm) % Pass % Pass % Pass % Pass
25 100 100 100 100
19 91 88 89 93
12.5 75 67 68 80
9.5 63 57 59 70
4.75 35 41 40 47
2.36 28 31
1.18 16 17 19 21
0.6 11 12 14 15
0.3 9 8 9 11
0.15 6 6 6 8
0.075 4.1 4.7 4.4 5.3
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Table 15 Gradation for +8% on the 2.36mm Sieve
Sieve
(mm) Design 1 Design 2 Design 3 Design 4
% Pass % Pass % Pass % Pass
25 100 100 100 100
19 95 94 94 93
12.5 85 84 81 80
9.5 77 76 73 70
4.75 56 57 58 47
2.36 39
1.18 26 26 32 21
0.6 18 19 24 15
0.3 14 14 16 11
0.15 10 10 9 8
0.075 6.3 6.3 5.9 5.3












.075 0.15.30 .60 1.18 2.36
Sieve mm
4.75 9.50 12.5
Design 1 +0 Design 1 -8 Design 1 +8
Figure 79 Design 1 Ail Gradations
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.075 0 .15 ,30  .60 1.18 2.36
Sieve mm
4.75  9.50 12.5
•*—  Design 2 +0 Design 2 +8Design 2 -8
Figure 80 Design 2 All Gradations












,075 0 .15.30  .60 1.18 2.36
Sieve mm
4.75 9.50 12.5
Design 3 +0 Design 3 -8 Design 3 +8
Figure 81 Design 3 All Gradations
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12.5 19.0.075 0. 15 .30  .60 1.18 2.36
Sieve mm
4.75  9.50
—  Design 4  +0 Design 4 +8Design 4 -8
Figure 82 Design 4 All Gradations
6.3.2 Binder Variation
The normal design process must generate samples that contain different binder 
contents in order to allow for an air void content that brackets the intended design air 
voids. The reason is that the designer can only estimate the binder content and air void 
relationship. Thus, graphs need to be plotted with the variances to pinpoint the binder 
content required at the target air voids. To this end, the same process was used for the 
research samples. The idea was to bracket the target air void content.
The asphalt cement variation objective for design number four was to bracket the 
optimum air void of six percent that could be seen in the production of the material while 
the design one through three were varied to bracket the air void content of four percent 
which is the target for the laboratory design.
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6.4 Sample Preparation
Two different material fabrication techniques were employed, one was the use of 
75mm by 75mm by 300mm beam molds (Figure 83) and second, the use of 150mm 
diameter by 75mm high cylinder molds (Figure 84) along with four different aggregate 
types.
As described earlier, the purpose of the two types of compaction procedures was 
that the use of an ultrasound technique must support both a laboratory design aspect 
and relate to the field-testing of the same material.
Figure 83 APA Beam Mold
Figure 84 Cylinder Mold
6.4.1 Compaction Equipment
Two different compaction processes were used, the Marshall, and the Asphalt 
Pavement Analyzer vibratory compactor. The purpose of the two types of compaction 
procedures was that the use of an ultrasound technique must support both a laboratory 
design aspect and relate to the field-testing of the same material. The compaction of the 
material in a beam configuration is more representative of the actual compaction effort in
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the field while the cylinders: represent the laboratory design phase of the HMA material, 
which requires a different type of compaction criteria. The beam provides for both a 
single transducer position and a scan-type data acquisition. The cylinder provides for a 
single transducer position only. Another aspect is the segregation of the HMA material, 
which is more prevalent in the beam fabrication than the cylinder. Thus, the use of a 
beam and the cylinder would provide practical comparative information.
The vibratory beam compactor was then used for one design, while the compaction 
method for the remaining designs was the Marshall hammer (Asphalt Institute Method 
MS-2).
The aggregate and the asphalt cement binder for the various specimens were 
prepared in batch sizes that would allow for a constant height, as best as possible, for 
the cylinder molds. The constant height was needed only for the convenience of setting 
the transducers at a constant distance from the top of the specimen. The HMA material 
is hand fed into the cylinder while sitting in the Marshall compactor (Figure 87). The 
hammer is automatically dropped 112 times or as required per the testing matrix; after 
which the cylinder with the material is flipped upside down and compacted 112 more 
times. The compaction process is called a blow count.
The beam specimen compaction is based on a constant vibratory cycle effort for a 
period until the compaction head contacts the top of the mold (Figure 85). This action 
sets the specimen to a constant height targeting a six percent air voids for the beam 
specimens.
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MOLD
Figure 85 Example of compacting beam specimen to a constant height
The aggregate and asphalt cement (binder) were measured and combined in a 
Hobart mixer (Figure 86) then were transferred to pre-heated cylinder or beam molds for 
compaction with a 150mm Marshall hammer or on the APA vibratory compactor (Figure 
88) beams. The compaction blow count quantity with the Marshall hammer is dictated by 
the above tables by the amount of hammer drops per side. While for the beams, the 
compactor was preset for the desired air void content by adjusting the mix weight in the 
constant volume mold, which allowed for the volume size of the beams to be similar for 
all of the samples. Once compacted, the samples were tested for their respective unit 
weight and measured for their average thickness.
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Figure 86 Hobart Mixer
Figure 87 Marshall cylinder 
compactor
Figure 88 Vibratory Compactor
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6.4.2 Batching Process
The laboratory team was given design mixing requirements with oversight and 
checking by the author. The mixing, compaction, and material testing was performed by 
the team.
The batching process for the 6” cylinder involved initial calculations that would create 
approximately the same height of 75mm. One reason for the similar heights was to 
minimize any unknown variability that may be associated with the thickness difference.
The laboratory team was assigned the initial aggregate stockpile batching data as 
indicated in the above tables of which the raw batch data can be found in Appendix I. 
The team then mixed, compacted, and tested the samples as indicated in the flow chart 
in Figure 69. The data was then reviewed by the author to determine the next binder 
content by checking the percent air content against the design target. The BSG and the 
percent air are plotted to check for basic design rules as indicated Figure 77 above.
The team processed the final samples after which all of the points were reviewed to 
make sure that the sample air void content bracketed the four percent target. The 
objective was to have a minimum of three replicated points with a preference of five. If a 
minimum of three sets were not obtained, another set was then fabricated.
Design one samples were fabricated differently and although replicates were the 
desire, due to material constraints. Design one only had one point each. The fabrication 
of the cylinders in this design was used to detect relationship of the ultrasound and BSG 
(Bhardwaj, 2000). To accomplish this, one cylinder design was fabricated with samples 
that each has a different compaction effort. The Marshall design with the 6” cylinder 
compaction requires an optimum design of 112 blows per side. Thus, in order to achieve 
the varied BSG, samples were fabricated with the compaction effort of 120, 112 ,90  and 
80 blows per side.
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Aggregates from Source
















Hold for Ultrasound 
Measure
Figure 89 Batching and Testing Process
6.4.3 Material Sample Labeling
As described above, the gradation for all aggregate sources was adjusted to a 
maximum and a minimum gradation difference of eight percent on the 2.36mm sieve. 
For the ease of clarity, the nomenclature used to represent the gradation type 
throughout the research was as detailed in Table 16. The mid-range is the original
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design gradation target, the plus and minus is the percent increase or decrease on the 
2.36mm sieve.
Table 16 Gradation Identification Legend
Gradation Type Label
Original Design +0
Eight percent above the 2.36mm Sieve +8
Eight percent below the 2.36mm Sieve -8
The specimens were labeled in such a fashion to identify the aggregate source type 
and replicate as displayed below. There are three legends based on the above Table 16 
and Table 8. Table 17 is for Design 1, Table 18 for Designs 2 and 3 followed by Table 19 
for Design 4. As an example for Design 1, the sample number C1-10A+8 represents a 
cylinder fabrication, design 1, specimen 10, with the letter “A" representing 120 Marshall 
blow count and a gradation type of eight percent above the design optimum of the 
2.36mm sieve size.
The Table 18 legend represents aggregate sources 2 and 3, which did not vary the 
Marshall, blow count. It remained at the design method of 112 blows. As an example, 
sample number C2-01A-8 represents a cylinder fabrication for Design number 2 with a 
numerical sample sequence of one; replicate sequence “A” and a gradation type of eight 
percent below the optimum on the 2.36mm sieve size.
The Table 19 legend represents design number 4, which did not vary the compaction 
method. The replicate numbering is designated for the position the specimen was tested 
on the APA equipment in that there are three different load wheels which is described 
later. As outlined earlier, the APA has three rut test positions, left, middle, and right. As
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an example, B4110L+0 represents a beam fabrication, design 4, numerical sequence 
110, replicate position left, and the gradation type at optimum.








Count Number Gradation Type
C = Cylinder 1 Numerical
A = 120 blow 
B = 112 blow 
C = 90 blow 
D = 80 blow
+8 = +8% deviation 
+0 = 0% optimum 
-8 = -8% deviation
0 1 10 A +8









C = Cylinder 2 or 3 Numerical Alpha
+ = +8% 
deviation 
0 = 0% optimum 
-8 = -8%  
deviation
C 2 01 A -8









B = Beam 4 Numerical
L = Left 
M = Middle 
R = Right
+8= +8% deviation 
+0 = 0% optimum 
-8 = -8% deviation
B 4 110 L 0
Design 1 was varied in asphalt content but also varied in the compaction effort as 
displayed in Table 20, Table 21, and Table 22. As mentioned earlier, the purpose of the
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varied compaction was to force wide bulk specific gravity values to acquire a better 
graphical display of the correlation of the ultrasound value to the specific gravity.
The aggregate specimens 2, 3, and 4 were varied in asphalt content as indicated in 
Table 23.
Table 20 Design 1 Gradation +8 Asphalt Cement and Compaction Variance
Aggregate Source 1 
Gradation type +8
Grad Type iD % Asphait Oement
Marshaii 
Biow Oount
+8 C1-20A+8 5.0% 120
+8 C1-20B+8 5.0% 112
+8 C1-20C+8 5.0% 90
+8 C1-20D+8 5.0% 80
+8 C1-21A+8 4.7% 120
+8 C1-21B+8 4.7% 112
+8 C1-21C+8 4.7% 90
+8 C1-21D+8 4.7% 80
+8 C1-22A+8 4.4% 120
+8 C1-22B+8 4.4% 112
+8 01-220+8 4.4% 90
+8 01-22D+8 4.4% 80
+8 01-23A+8 4.55% 120
+8 01-23B+8 4.55% 112
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Table 21 Design 1 Gradation +0 Asphalt Cernent and Compaction Variance
Design 1 Gradation type +0
Grad Type iD % Asphait Oement
Marshaii 
Biow Oount
+0 C1-01A+0 4.7% 120
+0 C1-01B+0 4.7% 112
+0 C1-01C+0 4.7% 90
+0 01-01D+0 4.7% 80
+0 01-02A+0 5.0% 120
+0 01-02B+0 5.0% 112
+0 01-020+0 5.0% 90
+0 01-02D+0 5.0% 80
+0 01-03A+0 5.3% 120
+0 01-03B+0 5.3% 112
+0 01-030+0 5.3% 90
+0 01-03D+0 5.3% 80
+0 01-04A+0 4.5% 120
+0 01-04B+0 4.5% 112
+0 01-040+0 4.5% 90
+0 01-04D+0 4.5% 80
+0 01-05A+0 4.85% 112
+0 01-05B+0 4.85% 80
Table 22 Design 1 Gradation -8 Asphalt Cement and Compaction Variance
Design 1 Gradation type -8
Grad Type iD % Asphait Oement
Marshaii 
Biow Oount
-8 O1-10A-8 4.7% 120
-8 01-1 OB-8 4.7% 112
-8 01-100-8 4.7% 90
-8 01-1OD-8 4.7% 80
-8 01-11A-8 5.0% 120
-8 01-11B-8 5.0% 112
-8 01-110-8 5.0% 90
-8 01-11D-8 5.0% 80
-8 01-12A-8 4.4% 120
-8 01-12B-8 4.4% 112
-8 C1-12C-8 4.4% 90
-8 01-12D-8 4.4% 80
-8 01-13A-8 4.85% 120
-8 01-13B-8 4.85% 112
-8 01-130-8 4.85% 90
-8 01-13D-8 4.85% 80
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+8 C2-10A+8 5.1% 03-1OA+8 5.4% B4-110 L+8 5.0%
+8 C2-10B+8 5.1% 03-1OB+8 5.4% B4-110 M+8 5.0%
+8 C2-11A+8 5.6% 03-11A+8 5.1% B4-110 R+8 5.0%
+8 C2-11B+8 5.6% 03-11B+8 5.1% B4-111 L+8 5.3%
+8 C2-12A+8 4.8% 03-12A+8 5.7% B4-111 M+8 5.3%
+8 C2-12B+8 4.8% 03-12B+8 5.7% B4-111 R+8 5.3%
+8 02-13A+8 5.3% 03-13A+8 4.8% B4-112 L+8 5.6%
+8 02-13B+8 5.3% 03-13B+8 4.8% B4-112 M+8 5.6%
+8 02-14A+8 5.9% 03-14A+8 4.5% B4-112 R+8 5.6%
+8 02-14B+8 5.9% 03-14B+8 4.5%
+0 02-01A+0 4.8% 03-01A+0 4.8% B4-092 L+0 5 0%
+0 02-01B+0 4.8% 03-01 B+0 4.8% B4-092 M+0 5.0%
+0 02-02A+0 5.1% 03-02A+0 5.1% B4-092 R+0 5.0%
+0 02-02B+0 5.1% 03-02B+0 5.1% B4-093 L+0 5.3%
+0 02-03A+0 6.0% 03-03A+0 5.4% B4-093 M+0 5.3%
+0 02-03B+0 6.0% 03-03B+0 5.4% B4-093 R+0 5.3%
+0 02-04A+0 5.7% 03-04A+0 4.5% B4-118 L+0 4.7%
+0 02-04B+0 5.7% 03-04B+0 4.5% B4-118 M+0 4.7%
+0 02-05A+0 5.4% 03-05A+0 4.2% B4-118 R+0 4.7%
+0 02-05B+0 5.4% 03-05B+0 4.2%
-8 02-21A-8 4.3% O3-20A-8 4.9% B4-113 L-8 4.5%
-8 02-21B-8 4.3% 03-20B-8 4.9% B4-113 M-8 4.5%
-8 02-22A-8 4.8% 03-21A-8 5.1% B4-113 R-8 4.5%
-8 02-22B-8 4.8% 03-21 B-8 5.1% B4-114 L-8 4.8%
-8 02-23A-8 4.0% 03-22A-8 5.4% B4-114 M-8 4.8%
-8 02-23B-8 4.0% 03-22B-8 5.4% B4-114 R-8 4.8%
-8 02-24A-8 5.1% 03-23A-8 4.6% B4-115 L-8 5.1%
-8 02-24B-8 5.1% 03-23B-8 4.6% B4-115 M-8 5.1%
03-24A-8 4.3% B4-115 R-8 5.1%
03-24B-8 4.3%
105
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 7
PHASE I TASK 3 DESCRIPTION OF DATA ACQUIRED
The purpose of this task is to describe the tests, and measurements needed to be 
acquired with the use of laboratory and ultrasound equipment.
7.1 Bulk Specific Gravity
7.2 Asphait Pavement Analyzer
7.3 Ultrasound HMA Velocity
7.4 Ultrasound integrated Response
7.1 Bulk Specific Gravitv
The bulk specific gravity is simply determining the density of a material relative to 
water by using an equation with the values from first weighing the sampie dry in air, then 
weighing the same sampie in water. There were two procedures used, the CoreLok and 
Saturated Surface Dry.
The engineering principle is that the design air void allows for future compaction by 
traffic without the change of the binder flushing to the surface creating slick spots, which 
is termed “bleeding” (Asphait institute). The laboratory mix design, whether Marshaii or 
Hveem represents a perfect environment and is usually set at 4% ± 1% for 100mm or 
150mm diameter cylinder molds (150mm were used in this research).
The Bulk Specific Gravity (BSG) with the use of the CoreLok™ was determined for 
this research per the ASTM D 6752 and the Saturated Surface Dry (SSD) method as 
ASTM D 2726. The CoreLok™ (Figure 90) allows for a more consistent value as
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compared to the SSD by the CoreLok™ system that automatically seals the sample in a 
specially designed polymer bag. This is due to the water infiltration of the sample which 
can produce a lower than actual measurement for the sample volume which yields a 
higher calculated density and a lower estimate of air voids. However, there is a potential 
problem with the use of the CoreLok when used on large stone mixes as the bag 
material used for this process may bridge across a large surface void which will create a 
bias value (Cooley, J., 2002). Thus, both methods were used in order to check for an 
obvious error in unit weight determination. The unit weight is one of the most likely 
correlation points due the fact that ultrasound signals are affected by this property.
Figure 90 CoreLok Equipment
Figure 91 Specific Gravity Water Bath
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7.2 Asphalt Pavement Analyzer
The purpose of using a rut depth value was to see if the ultrasound measurement 
would correlate the rut depth. This would allow for another mix criteria detection as 
demonstrated in Figure 92.
Example of APARut Depth Correlation
i;
.7
69.5 70.0 70.5 71.0 71.5 72.0
Ultrasound Measure
72.5 73.0 73.5
Figure 92 Example of APA Rut Depth versus Ultrasound Measure
The performance of an HMA mix design was determined by an Asphalt Pavement 
Analyzer (APA), which is a multi-functional Loaded Wheel Tester (LWT). It performs a 
physical test by evaluating permanent deformation (rutting). The equipment features a 
controllable wheel load and contact pressure that is representative of actual field 
conditions. The APA can test up to three specimens at a time and each set of triplicate 
specimens can be subjected to a different load level of up to 113kg, resulting in contact 
pressures of 1,375kpas. Specimens can be tested under controllable high temperatures 
and in either dry or submerged-in water environments. The normal loading is 689kpas 
hose pressure with a 45kg load level.
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Figure 93 APA Equipment
The HMA samples were placed into plastic molds designed for either beams or 
cylinders, Figure 94, then heated in the environmentally controlled chamber to 60° C and 
76° C respectively which is prescribed for the type of asphalt cement binder AC-20 and 
AC-30 respectively used in this design. After a cure time of four hours, the system 
automatically sets the pressure hoses onto the samples and drops the rollers that move 
cyclical front to back for 20,000 strokes as illustrated in Figure 95 and Figure 96. The 
reason for the two different test temperatures was due to use of two different binder 
type, each having a different temperature sensitivity. Given the same temperature, the 
AC-20 will rut faster than the AC-30 due to it being more “soft”.
The APA software stores the stroke data and records a visual display chart as 
illustrated in Figure 98. The software uses the excel format for ease of data exporting.
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Figure 94 Beam and Cylinder Molds
1
Figure 95 APA Hoses and rollers Figure 96 APA rollers positioned on pressure 
hoses
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Figure 97 Example of rutted samples
. g g .
1 n  » ■ ■ » "  '  ■ !
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 1 :
Figure 98 Typical APA Graph
The rut test setup with the APA is possible with either beams or cylinders. The 
equipment yields an average of five depth measures for the beam while four 
measurements for the cylinders as demonstrated in Figure 99 and Figure 100.
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Figure 99 Location of APA Rut Depth Sensors for Beams
Figure 100 Location of APA Rut Depth Sensors for Cylinders
The design numbers one through three used the cylinder configuration. The 
computer is able to measure and average the rut depth assuming that both cylinder 
samples are the same. In the case of design number one, only one sample per blow 
count was made for four samples per point. Thus, the cylinders were physically 
measured using a caliper and template for each point using the template displayed in 
Figure 101.
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Figure 101 Example of APA Manual Rut Depth 
Template
To physically measure, the caliper is placed into the template, a reading is taken 
before rutting, then after rutting, the caliper is then placed in the same location, 
measured, then the difference is calculated.
7.3 Ultrasound HMA Velocity
The use of the through transmission allows for the utilization of the time of flight 
measurements that can be used to calculate the velocity. The method of determining the 
thickness for this research was the caliper. In order to obtain the HMA material velocity, 
the time-of-flight through the material must be known.
The Time of Flight (ToF) is one of the most used conventional methods for 
measuring the ultrasonic velocity of materials. This method detects the leading edge or 
the negative-going part of the incoming waveform of an ultrasound pulse signal on the 
computer screen, which is considered as the time when a pulse or echo arrives at an
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interface between two media, such as air to asphalt concrete. The ToF is the difference 
of two successive times of arrival at the two interfaces. For a material with a flat surface, 
the ultrasound velocity is equal to twice the ratio of thickness over the ToF. Ultrasound 
velocity obtained by this method is the average velocity of numerous superimposed 
waves of different frequencies. If multiple reflections corresponding to the thickness of 
the test material are observed. Figure 102, then the measure of the time-of-flight, tm, 
between the two successive peaks can be used to determine the velocity of a known 
thickness material (Bhardwaj 2000). The ToF measured this way corresponds to round 
trip ToF in the test material and represented as:
Equation 42 Velocity of materia
‘m
dm = material thickness 
tm = ToF in the material
As an example, fm measured between any two successive peaks from Figure 102 is 
10.4ms for a 13.5mm thick material, thus, 2595m/s velocity.
In order to provide rapid values of tm, the pulser-receiver software provides the ToF 
for the air gap distance and the ToF for the air plus the sample transmission, thus per 
the literature (Bhardwaj 2000), the tm  is as follows:
Equation 43 Time-of-flight in material (tm)
~  a^m ~  (^ a “  ^ as )
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= time for acoustic travel through air 
for length of sample (not throught sample) 
tg = full air gap tim e-of-fligh t 





0.016  - 4
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5550 60 65 75
TIME (MICROSEC)
70 80 85 90 95 100
Figure 102 Thickness Measurement Example®
The time-of-flight is dependent upon the velocity of the ultrasound signal through air, 
which is dependent upon the environment conditions such as temperature, humidity, and 
barometric pressure. Thus, for each NCU recording, there was a parallel manual 
recording of those three environmental values. A formula was then applied to correct the 
velocity for all of the HMA values. This formula was found on the webpage site 
Tontechnik-Rechner Sengpielaudio that stated that it was the combination of information 
about humid air according to Owen Cramer with saturation vapor pressure information 
taken from Richard Davis as well as a mole fraction of carbon dioxide of 0.0004.
' Object with permission of The Ultran Group
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7.4 Ultrasound Integrated Response measurement
The ultrasound testing system includes a pulser-receiver and a scan table. The 
equipment was a NCA-1000-2 pulser-receiver for the transmission of a chirp signal, 
processing, analysis, imaging, and storage.
The equipment allowed the ability to scan the sample or propagate a signal without 
movement of the table. A special tabletop was fabricated to allow the transducers to 
function in the through-transmission mode without hindrance from the table surface. 
There are many terms used during this paper in the operation and analysis with respect 
to the use of the NCA-1000. The details of these terms are found in Appendix II. The 
equipment can be operated in the pulse-echo or transmission mode with one to four 
transducer signal paths, which consists of two channels with duplexers and two 
transducers (A & B) and operate on four paths individually or simultaneously as 
indicated in Figure 103.
For this research, the path 1 was not used. The reason was that the tuning of each 
transducer yielded a different parameter setting and only one setting could be used at a 
time. This would not be a concern for isotropic materials but in this case, the HMA is 
considered ansisotrpic. This means that the direction of the signal may yield a differnent 
attentuation and time-of-flight result. This research used only one direction, from top to 
bottom, path number 4.
For the beam testing, a stop bar position was installed to assure a constant shot 
location as demonstrated in Figure 104 and Figure 105. The transducers were checked 
for a parallel face with the use of a round bubble level and plumb line for the relative 
orientation. The signal was set for the transducer parameters and visually checked on 
the computer screen for maximum peak amplitude by slightly adjusting the transducers.
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Paths Path 4Path 2Path 1
Figure 103 Four Transducer possible Configuration
Figure 104 Table with beam sample
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Figure 105 Transducer setup
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CHAPTER 8
PHASE I TASK 4 OPTIMIZATION OF THE NCU SYSTEM AND DATA ACQUISITION
PROCESS
The purpose of this task was to perform a sensitivity study of the IR measurement on 
the ultrasound system parameters for the HMA application. The following three subtasks 
focus on first the sensitivity of the system parameters using a small HMA sample 
selection. Second, a large population was used to check the sensitivity of the IR 
measurement for scanning method. Third, using the same large population, compare the 
best correlation of the scanning modes with respect to the material properties, IR, and 
the material velocity.
Several steps were needed in order optimize testing protocol and identified in the 
following subsections:
8.1 Subtask 1; System Parameter Sensitivity Study
8.1.2 HMA Material Selection and Preparation
8.1.3 Tuning
8.1.1 Transducer Positioning
8.1.4 Best Signal Averaging
8.1.5 Transducer Air Gap Distance
8.1.6 Bandwidth, Pulse Duration, and Beam Transducer Position
8.1.7 Amplitude
8.1.8 Signal Input
8.1.9 Humidity Correction for Integrated Response
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8.2 Subtask 2: Scanning Sensitivity for Beam Samples
8.2.1 HMA Material Selection and Preparation
8.2.2 Perform Ultrasound Measurements
8.2.3 Results and Analysis for Modes 1, 2, and 3
8.2.4 Results and Analysis for Modes 4 and 5
8.3 Subtask 3 Best Mode for IR versus Material Properties
8.3.1 Material Selection
8.3.2 Perform Ultrasound Measurements
8.3.3 Perform Material Property Tests
8.3.4 Results and Analysis
8.4 Phase I Task 4 Summary
Each section will define the parameter, indicate the HMA sample used, indicate how 
the measurements were performed, and analyze with conclusion.
8.1 Subtask 1 Sensitivitv Studv
The purpose of this subtask was to check for the sensitivity of the adjustment of the 
ultrasound system parameters within an HMA sample. The parameters were checked for 
the signal averaging, air gap distance, bandwidth, pulse duration, amplitude, signal 
input, and the environment effect of Humidity on the Integrated Response.
8.1.1 HMA Material Selection and Preparation
The sensitivity study was conducted on HMA samples that would also be used in the 
main research, however with only a selected small set. The preparation is discussed in 
the previous Phase 1 Task 2. Unless discussed in each section, the selection of the 
samples, in general, was not based on any pre-conceived method but randomly 
assuming all HMA materials would respond to the parameter sensitivity in the same 
manner.
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In order to aid in the understanding of the specimen organization for this section, 
Table 24 displays both the beam and cylinder fabrication and the testing matrix. Each 
aggregate type was a separate HMA mix design. The test material properties for Design 
number 1 and 4 were not tested due to the focus of this subtask on the signal 
transmission parameters.
Table 24 Sample Fabrication and Testing Matrix
Design 1 Design 4
Fabrication type Cylinder Beam
Binder Type B A




The purpose of this section is to describe the System tuning. The basic waveform for 
this system is the chirp, which uses the group wave as the main waveform and is the 
main type of waveform that is used in this research. The Chirp was described in the 
background section.
The tuning of the transducer chirp signal involves the acquiring of the best Gaussian 
(bell shaped) curve on the Graphical User Interface (GUI). More detail on the GUI is 
given in Appendix II. If the Gaussian filter is not used, the chirp would be a straight full 
amplitude signal displayed from the lower to highest frequency (Figure 106) which 
results a bumpy Fourier transformed frequency spectrum (Figure 33). When the filter is 
applied, the frequency spectrum is more defined, and visually there is the distinctive bell 
shape as illustrated in Figure 35 and Figure 36.
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Figure 107 Chirp Pre-Gaussian filter 
frequency domain
Figure 106 Chirp Pre-Gaussian filter time 
domain
Thus, the task of the tuning is to assure that the best Gaussian curve is applied 
which in turn generates the best frequency spectrum. This is accomplished by adjusting 
the bandwidth, center-frequency and the filtering “chokes” on both ends of the chirp. The 
term “choke” is used as the adjustment effectively pinches down both ends of the signal 
to aid in the acquiring a proper bell shape. The GUI enhances this by allowing the 
operator to visually adjust for the best Gaussian image.
Time





Figure 109 Gaussian filtered chirp frequency 
domain
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As an example, the actual tuning of the chirp begins with the setting of the 
transducer parameters, in this case 121kHz center frequency and 36kHz bandwidth. The 
starting chirp beginning and end percent of original signal was 20% and 50%, left and 
right respectively. The best shape however was 125kHz center frequency and 20kHz 
bandwidth with 20% and 28%, respectively. Notice that the shape of the chirp changes 
to more of a bell-shape as illustrated in Figure 110 and Figure 111. Figure 112 
represents a well-defined frequency domain image of the spectrum.
The tuning also includes the setting of signal parameters that are conducive to the 
type of material. Thus, a sample must be ultrasound measured and the parameters of 
signal input, amplitude, and pulse duration adjusted in order to assure that the best 
signal is transmitted. There is no single preset parameter for any given unknown 
material type.
Figure 110 Factory Recommended 
transducer parameters
Figure 111 Adjust the left and right ends
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Figure 112 Frequency spectrum
8.1.3 Transducer Positioning
A precise ultrasound measurement is more likely in homogenous materials. Thus, 
with homogeneous materials, it is possible to position the transducer anywhere on the 
material and have confidence that will closely represent the material as a whole. This is 
not the case for heterogeneous materials such as asphalt concrete that is a composite of 
aggregate, asphalt cement (binder) and air. It would make sense to acquire several 
measurements, then average in order to represent the material.
So the question is, how many measures and over how large of an area? The perfect 
process would be to measure all of the area. However, due to internal refraction as 
demonstrated in Figure 113, the sidewalls will influence the signal measure. The sample 
walls act as an interface, thus the transmission close to the wall will refract different than 
transmitted close to the middle. A sensitivity study was performed to check for the best 
“scanning” mode for the cylinders due to their shape. The beam sensitivity was 
performed later in Section 8.2 Subtask 2 Scanning Sensitivity for Beams.
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Figure 113 Example of Refraction (NDT-ed.org)
8.1.3.1 Scanning
Once a sample was fabricated, it was ultrasound measured by being placed on a 
scan table between two transducers. The term scanning will be used for any type of 
transmission shot to include a single position with no movement, or a fully automatic 
movement of the transducer while transmitting a signal. Two different scan modes were 
employed for this research, single fixed and fully automatic.
The single fixed scan was simply using the scan table mechanism for fastening the 
transducer then adjusting the table height and transducer spacing for proper 
transmission. Any type of multiple scanning of the sample was done manually as 
described below. The automatic mode utilizes a software program to move the table 
relative to the transducers to pre-assigned locations for a given scan rate as selected by 
the operator.
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TransducersTable
Scan Table Base
Figure 114 Fixed or automatic scan mode transmission mode (section view)
The multiple shot configurations for the beam samples were acquired with the use of 
the scan table in the automatic mode. The sample is stationary while the table moves. 
The cylinders used a fixed table and scanned manually.
The scanning parameter for the beams allows for an x (longitudinal) and z 
(transverse) start and stop while also allowing for a shot rate in millimeters. Thus, as 
displayed in Figure 115, the transducer takes a shot, moves a preset amount of 
millimeters then shoots again, until it reaches x = n, then moves in the z direction 10mm, 
and repeats until x= 1.
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start Stop
BEAM SAMPLE
Figure 115 Example of Beam Scan Sequence
8.1.3.2 Center Shot versus Offset Shot Sensitivitv for Cylinders
In the case of the cylinder, the scan table cannot rotate a sample and due to the 
round nature of the sample, thus, the scan process had to be manual. There were twelve 
shots with eight being offset from the center by 10mm and the remaining four were dead 
center.
r
Figure 116 Example of Sample Rotation 
Marks, Eight Each on Top
Figure 117 Example of Wood Stops
The offset shots were performed by first marking the top of the sample each 45
degrees for a total of eight points (Figure 116). In order to assure a consistent offset for
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all of the samples, wood stops were placed on the table as indicated in Figure 117. The 
sample was shot eight times rotating manually, each 45° as demonstrated in Figure 118 




Figure 118 Scanning Comparison
Figure 119 Example of Sample Rotation for Figure 120 Example of Sample Rotation, 
Manual Scan, Start Point Cne-eighth Turn
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Once all of the shots were completed, the results were tabulated and analyzed to 
check with the student West between the center shots and the offset shots using the null 
hypothesis of:
Two Tailed Test for a  = 0.05
• ^center shots ~  ^offset shots
• ^center shots ^ ^offset shots
The last four shots of any set of shots were the center location. Thus, the last four 
shots were checked against the remaining balance, which are the offset shots as 
detailed in Table 25 and Table 26. The table indicates a beginning and an ending shot 
for the IRa. The reason for this is that as time changes, the IRa changes for each shot of 
the IRc (which is the air and the sample). The air (IRa) shot was not performed for each 
rotation of the sample, but shot at the beginning and the end of the rotation series then
prorated across each IRc shot. Thus, the values for the IRa are calculated from these
beginning and ending air shots.
The cylinder samples were selected at random from the optimum gradation group 
noted as +0. The reason for selecting the optimum gradation is that there would be less 
chance of gradation segregation as compared to the coarse material. If the center shots 
versus the offset shots null hypothesis is rejected for this material, it would for sure be 
rejected in a more coarse graded (segregated) material.
As can be viewed from the tables, three out of four samples null hypotheses were 
rejected. The center shots do not agree with the offset shots. The next question is, which 
set of shots represents the material. The best way to answer that question was to check 
which set will correlate with the material density.
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The literature (Bhardwaj, 2000) indicates that there is a correlation of the IR and the 
density. Thus, the best way to determine which method to use, that is, a single center 
shot or an average of multiple shots, is with a check of the regression of the IR against 
the bulk specific gravity of the mix. In order to perform a regression, at least three points 
(samples) in a common set are needed. The sample set C1-01A through D were 
tabulated in Table 27 and illustrated in Figure 121, which demonstrates that the center 
shot mode has the highest correlation to the CoreLok specific gravity. The offset shots 
did not plot in a linear fashion.
Table 25 Cylinder Sample Student t-test for Center versus Offset Shots
Sample Shot Date MeaseureFile Sample Shot Date
Measeure
File
P1-3AC 27-Apr-05 S10 PI-010 27-Aor-05 S12
Shots IRa IRc IRm IRa IRc IRm
Begin = 71.06 Begin = 70.64
1 71.00 -10.55 -81.61 1 70.64 -11.69 -82.33
2 71.03 -10.51 -81.54 2 70.67 -12.39 -83.06
3 70.99 -12.12 -83.11 3 70.70 -12.00 -82.70
4 70.96 -13.33 -84.29 4 70.73 -12.28 -83.01
5 70.92 -9.49 -80.41 5 70.76 -9.59 -80.35
6 70.89 -9.44 -80.33 6 70.79 -8.99 -79.78
7 70.85 -9.16 -80.01 7 70.83 -10.26 -81.09
8 70.82 -9.88 -80.70 8 70.86 -10.44 -81.30
9 70.78 -11.54 -82.32 9 70.89 -10.19 -81.08
10 70.75 -11.54 -82.29 10 70.92 -9.38 -80.30
11 70.71 -11.52 -82.23 11 70.95 -10.18 -81.13
12 70.64 -11.12 -81.76 12 71.01 -10.47 -81.48
n = 12








Center -82.15 0.262 0.073 Center -81.00 0.499 0.138
Offset -81.50 1.502 0.417 Offset -81.70 1.254 0.348
All Shots -81.71 1.248 0.346 All Shots -81.47 1.090 0.302
Pooled SE 0.1789 n = 24 Pooled SE 0.1400
Center to Offset t-test value = -3.64 Center to Offset t-test value = 5.05
df = 10 t-critical = 2.23 df= 10 t-critical = 2.23
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Table 26 Cylinder Sample Student t-test for Center versus Offset Shots
Sample Shot Date MeaseureFile Sample Shot Date
Measeure
File
P1-020 27-Apr-05 S14 P1-05A 27-Apr-05 S18
Shots IRa IRc IRm Shots IRa IRc IRm
Begin = 71.01 Begin = 70.08
1 71.02 -6.43 -77.45 1 70.14 -12.21 -82.35
2 71.03 -8.44 -79.47 2 70.21 -11.26 -81.47
3 71.04 -9.86 -80.90 3 70.27 -9.17 -79.44
4 71.05 -8.55 -79.60 4 70.33 -9.22 -79.55
5 71.06 -7.56 -78.62 5 70.40 -8.77 -79.17
6 71.08 -7.7 -78.78 6 70.46 -8.48 -78.94
7 71.09 -8.19 -79.28 7 70.52 -7.61 -78.13
8 71.10 -7.74 -78.84 8 70.59 -8.16 -78.75
9 71.11 -6.44 -77.55 9 70.65 -10.39 -81.04
10 71.12 -8.18 -79.30 10 70.71 -9.63 -80.34
11 71.13 -8.46 -79.59 11 70.78 -7.94 -78.72
12 71.14 -7.15 -78.29 12 70.84 -10.12 -80.96








Center -78.68 0.939 0.260 Center -80.27 1.078 0.299
Offset -79.12 0.985 0.273 Offset -79.73 1.438 0.399
All Shots -78.97 0.951 0.264 All Shots -79.91 1.305 0.362
Pooled SE 0.1424 Pooled SE 0.2484
Center to Offset t-test value = 3.06 Center to Offset t-test value = -2.17
df = 10 t-critical = 2.23 df= 10 t-critical = 2.23
Table 27 R-square of Cylinder Offset, Center, and All Data versus CoreLok Density




C1-01A+0 -78.72 -78.86 -78.77 2.403
C1-01B+0 -79.55 -77.34 -78.81 2.409
C1-01C+0 -81.70 -81.00 -81.47 2.391
C1-01D+0 -79.05 -78.61 -78.90 2.399
R-square 0.48 0.92 0.70 %
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Center Shot versus Offest Shot Attenuation vs Density 












CoreLok Specific Gravity (g/cc)
♦ OFFSET ■ CTR a ALL Linear (CTR) !
Figure 121 Sample Cylinder Set 01-01A through D Offset versus Center Shot
Regression
8.1.4 Best Signal Averaging
The signal averaging allows for the adjustment of the quantity of shots accumulated 
before averaging as a record. Higher quantities of signals for averaging will generate 
lower standard deviations. Visually, if no average were performed, the signal would 
bounce freely on the screen with a high variance. When the signal average is increased, 
the signal stabilizes. Visually, the signal ceases to bounce freely and becomes nearly a 
single image.
8.1.4.1 Materials
The HMA used for this study was sample C1-12C-8 that consisted of the following 
design values listed in Table 28. The sample was selected due to the coarse gradation.
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which would create a higher standard deviation, thus this would be the worst-case
scenario.
Table 28 HMA Sample C1-12C-8 Gradation
Design 1















8.1.4.2 Testing and Analysis
Two transducers were set with an air gap of 50mm and 75mm, bottom and top, 
respectively from the sample. The measurement parameters as dictated by the tuning 
procedure are listed in Table 29.




Chirp choke A 35%
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Five signal averages were then measured at averaging rate of 1 ,5 , 10, 20, and 30 
per shot; these were recorded in the QC module. A t-test was performed using the null 
hypothesis of;
Two Tailed test for a  = 0.05
Ho : X, = Xj 
Hg ; X, ^  Xj
i  = Signal average 1 through 30 
j  = Signal average 1 through 30
The data in Table 30 demonstrates that most were not rejected. The shaded cells 
represent the non-rejected signal averages and for this research, the signal average of 
20 would suffice. The t-critical values for this and all sections were obtained from Applied 
Statistics for Public Administration (Meier, 1997).
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Table 30 Student t-test for Signal Averaging
Sample P1 -12C-8 Signal Average Gate = P4
n = 1 5 10 20 30
IRa 67.61 67.19 67.60 67.63 67.63
SDa 0.00 0.00 0.00 0.01 0.01
IRo -23.25 -23.00 -23.68 -23.49 -23.38
SDa 0,28 0.26 0.16 0.09 0.16
IRm -90.86 -90.18 -91.28 -91.12 -91.02
Pooled SO 0.28 0.26 0.16 0.09 0.17
df = 4 13 28 48
Compare 1 to 5 5 to 10 10 to 20 20 to 30
t-test 3.38
t-critcal 2.78 2.16 2.05 1.96
df = 9 23 38
Compare 1 to 10 5 to 20 10 to 30
t-test
t-critcal 2.26 2.07 1.96
df = 19 33




Compare 1 to 30
t-test
t-critcal 2.04
8 .1.4.3 Summary fo r Best Signal Average
• The use of a signal average of 1, 10, 20, or 30 was acceptable
• The signal average selected was 20 per shot.
8.1.5 Transducer Air Gao Distance
The transducer air gap is that distance between the transducer and the HMA sample. 
The transducer air gap distance requirement is related to the wavelength. In this 
case, the manufacturer set the minimum and maximum as 10 to 100 wavelengths. Thus, 
the goal was to create a minimum distance with the use of Equation 44:
Equation 44 Minimum Non-contact Transducer Gap Distance
1
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The result, for a bandwidth of 36kHz was 40 mm. This value is a nominal minimum 
gap distance, however, it can be adjusted based on the actual center frequency and 
band width used. One effect that needed to be checked was the beam spread to assure 
that the transmission beam did not drift outside of the sample area (Figure 122). The 
beam distance from transducer A to B would spread by the Equation 45.




e = Beam Divergence Angle 
V  = Velocity of material 





Figure 122 Example of Beam Spread
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Using the beam-spread equation with a gap distance of 40mm yields 4.087 degrees; 
this in turn yields about 3.8mm. Given that the full width of the transducer is 63mm, the 
added distance is well within the total width of the sample width of 150mm.
Another aspect of the gap setting is the IRa, which is the distance of the air between 
both of the transducers. This will be also termed “Full Air Gap”. As a reminder, the IRa is 
used for the determination of the IRm in Equation 46 below:
Equation 46 -  Integrated Response of the Sample IRm
IR „  = /Rg -  /Rg
However, there is a question if the full air gap that is used in the equation is the same 
value as the actual air gap between the transducers and the sample. If they were not, 
then the IRm value would be affected. The air distance between the transducers and the 
sample is noted as “Air Gap Minimum” and both types are demonstrated in Figure 123.
Full Air Gap Speiimen
Minimum Air Gap
IRa IRC
Figure 123 Example of actual air gap
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The IRa was implied in the literature (Bhardwaj, 2000) as having the same value as 
the shorter air gap distance. A test was conducted using the parameters indicated in 
Table 31 to see if this was true.
8.1.5.1 Testing and Analysis
The parameters were selected based only on the tuning results for the sample C1- 
04C+0. Six samples were selected and readings acquired in the IRa mode, which is 
labeled “Air Full” after which the transducers were moved to represent the actual air 
distance from the top and bottom transducer to the surface of the specimen, which is 
labeled “Air Min”.
The analysis consisted of an ANOVA for the means between the full air gap and the 
minimum air gap.





Chirp choke A 30%
Chirp choke B 35%
Input Normal
A single factor ANOVA was conducted for the means using the null hypotheses of:
Two Tailed Test for a  = 0.05
^ 0  ■ A*min air gap “  A f^ull air gap 
■ A*min air gap ^  Mfuil air gap
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As demonstrated in Table 32, it was found that there was a significant difference 
between the full air gap and the minimum air gap.
The moving of the transducers for transmission of each sample to measure the 
minimum air gap was not practical. Thus, a regression equation was developed that 
would be used to correct the IRa value.
Table 32 ANOVA results for a  = 0.05 for Full Air Gap versus Minimum Air Gap







C1-04C+0 70.32 70.27 73
C 1-04D +0 70.45 70.29 76
C1-20A+0 70.91 70.26 79
C1-20B+0 70.15 69.92 78
C1-20C+0 70.32 69.23 77





F crit 4 .96
df = 1
R-sq Air Gap to 
Distance 0.78
The values of Table 33 were used to plot the graph in Figure 124 and was the basis 
of the following air gap correction for the IRa with signal amplitude of 90%:
Equation 47 Example Air Gap Distance Correction for 90% Amplitude
y  = -0 .0373x  + 3.7306
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The amplitude of 30% was also plotted resulting in a significant difference from the 
90% equation. At 30%, there is no correction. Thus, each amplitude setting would need 
a correction factor.
Given the need for a correction for each parameter set of shots, the following 
equations were developed and incorporated in the data calculations. Figure 124 
demonstrates the varied gap corrections and note that they all cross the zero point at 
100mm. The purpose is that for this research only, all of the gap corrections must be 
relative to each other due to the upcoming statically review. The zero correction was 
arbitrarily set at 100mm gap. The equations are shown in Figure 126 through Figure 
129.





Delta (mm) 90 amp IRa delta
150 50 72.48 -1.914
126 26 71.53 -0.964
108 8 70.96 -0.394
100 0 70.566 0
122 22 71.25 -0.684
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Air Gap Distance Correction for IRair 
Used for Designs 1, 2, and 3
160100 120 130 140 150
:§ -0.5
y = -0.0373X + 3.7306  
= 0.9855
Air Gap Distance (mm)
♦ 90 Amplitude ■ 30 Amplitude
Figure 124 Air Gap Distance Correction for Cylinder Samples for Designs 1, 2, and 3
Correction for IRair
0.5
100 16040 80 1(10
-2.5
Air Gap Distance (mm)
■ 30 Amplitude • Mode 3 90%  
* Mode 1 and 2 50%  ■ cylinder 90%
* Modes 4 and 5 80%
Figure 125 Correction Graph for All Ultrasound Transmissions for Research
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Air Gap Correction for IRair 50% Amplitude 
Modes 1 and 2 for Design 4
_  0.2
80 100 140 150
i  -0-2
-  -0.4
y = -0.0073% + 0.7286 
R* = 0.9194
Air Gap Distance (mm)
Air Gap Correction for IRair 90% Amplitude 











y = -0.0215% + 
2.144
R' = 0.777
Air Gap Distance (mm)
Figure 126 Air Gap Equation for Modes 1 Figure 127 Air Gap Equation for Mode 3 for 
and 2 for Design 4 Design 4
Air Gap Correction for IRair 80% Amplitude 
Modes 5 for Design 4
Air Gap Correction for IRair 80% Amplitude 
Modes 4 for Design 4
0.20.3
0.2
lO ff 140 160 180120
160100 120 140
I y = -0.013% + 
I 1.2752 
I R ' = 0.8912
- 0.2
■0.6
y = -0.0072% + 0.7273 
R: = 0.9543-0.4
Air Gap Distance (mm) Air Gap Distance (mm)
Figure 128 Air Gap Equation for Mode 4 for Figure 129 Air Gap Equation for Mode 5 for 
Design 4 Design 4
8.1.5.2 Summary for Air Gao Distance
• All amplitude settings will need an equation to correct for air gap distance
6.1.6 Bandwidth. Pulse Duration, and Beam Transducer Position
The purpose of this sensitivity study was to check for the effect of the change in the 
bandwidth and pulse duration. The bandwidth is the range of frequencies and the pulse 
duration is the time that the signal transmission is active. The position of the scan was 
also included to verify the potential issue with sidewall effects at the end.
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The bandwidth is the key to the good resolution of the propagated chirp signal (see 
background). The tuning process dictates the actual bandwidth and pulse duration for 
the testing thus a concern would be the effect of using a different bandwidth and pulse 
duration on a series of materials being analyzed.
8.1.6.1 Materials
The HMA used in this measurement was the arbitrarily selected sample B4114L-8 
that consisted of the following design values:
Table 34 HMA Sample B4114L-8 Gradation
Design 4
















8.1.6.2 Testing and Analysis
The measurement parameters as dictated by the tuning procedure are listed in Table 
35. The Figure 130 illustrates the transducer setup.
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Table 35 Best Signal Measurement Parameters
Center Frequency 121kHZ
Bandwidth 36 and 30kHZ
Pulse Duration 650ps
Chirp choke A 35%




Figure 130 Transducer setup
The bandwidth recommended by the vendor was 36kHz; for this sensitivity study, 
two bandwidths were used, 36 and 30kHz and a pulse duration of 650|xs. In addition, 
due to the nature of high refraction in this heterogeneous HMA material, two different 
through-transmit transducer positions were selected, position A at one end, position B 
about one transducer width from position A, for the null hypothesis of:
Two Tail test for a  = 0.05
^ 0  ■ ^36  “  ^30 
• 3^6 ^ 3^0
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For position A, the null hypothesis was rejected and for position B, not enough data 
to reject (accepted) as detailed in Table 36. Position A apparently has refraction from the 
sample end wall, which resulted in a rejection. Therefore, it would be prudent to test the 
HMA beam sample at a position that at least approaches position B.
The next measurement sequence used the same parameters above with the 
exception of increasing the duration to lOOOpsec. As indicated in Table 37, both 
hypotheses were rejected which could indicate the higher degree of precision with the 
increased duration. Thus, the tuning value for the bandwidth must be the same for all of 
the samples in a comparison set.
Table 36 Student t-test 30kHz and 36kHz Bandwidth Trial for Pulse Duration of 650psec
for a  = 0.05
Ctr Freq (KHz) = 121










36 650 74.24 0.107 -17.6 1.84 -91.83 1.844 0.2992 0.3588 lto2 -2.17 1.96
30 650 62.97 0.110 -28.1 1.22 -91.05 1.221 0.1981
36 650 73.87 0.087 -14.96 1.02 -88.83 1.026 0.1664 0,2162 3 to 4 1.28 1.96
30 650 63.05 0.086 -26.06 0.85 -89.11 0.851 0.1381
Plan View Sample length
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Table 37 30khz and 36khz Bandwidth Trial for Puise Duration of 10OOpsec for a = 0.05
ctr Freq (KHz) = 121
! « c% r
z
|S6!
h- ;Puiseduration(ps) IR. SD iR c SD IRm PooledSD SE based on d f = 38 PooledSE S t-tes t t-c r it
36 1000 78.13 0.162 -13.1 1.11 -91.18 1.122 0.1820 0.2289 lto2 2.84 1.96
30 1000 67.21 0.254 -24.6 0.82 -91.83 0.856 0.1388
36 1000 78.23 0.087 -11.93 1.17 -90.16 1.176 0.1908 0.2254 3 to  4 -3.77 1.96
30 1000 67.07 0.101 -22.24 0.73 -89.31 0.740 0.1200
Plan View Sample length
8.1.6.3 Summary fo r Bandwidth. Pulse Duration and Beam Transducer Position
• The best single shot position was set near the position B (middle of beam)
• The bandwidth cannot to be changed within a mix design sample population
• The duration cannot to be varied within a mix design sample population
8.1.7 Amplitude
The amplitude is the amount of power that is applied to the signal to pass through a 
material with the measurement on the pulser-receiver being the percent of the maximum 
output. The purpose of this study was to see if varying the amplitude within a design 
would significantly impact the results.
8.1.7.1 Materials and Ultrasound Parameters
The HMA used in this measurement was the optimum gradation C1-03C+0 and the 
coarse gradation C1-12C-8. The reason for the two different gradations is that the 
amplitude would be affected by the grain structure. The samples consisted of the design 
values listed in Table 38 and the Ultrasound parameters given in Table 39.
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Table 38 Amplitude testing HMA Samples
Sample
Number C1-03C+0 C1-12C-8













Binder type AC-30 AC-30
Fabrication
type Cylinder Cylinder




Chirp choke A 35%
Chirp choke B 25%
Input Normal
Amplitude % varied
8.1.7.2 Testing and Analysis
The sensitivity analysis procedure varied the amplitude from 20 to 60 percent for 
HMA sample C1-03C+0 and 20 to 90 percent for sample C1-12C-8. The statistical null 
hypotheses is;
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Two Tailed Test for a = 0.05
■ ^A20 *  ^Ai
where variable / is the percentage of amplitude
The statistics for the HMA sample C1-03C+0 and C1-12C-8 is given in Table 40 and 
Table 41 respectively. As can be seen in Table 41, the null hypotheses are rejected. The 
standard deviation was better when using a lower amplitude setting with the well-graded 
sample C1-03C+0 as compared to the highly refractive coarse graded sample C1-12C-8. 
In order to assure all refractive samples are able to transfer a clear signal, the amplitude 
percent of 90 was used for all samples in the main research. Otherwise, as indicated by 
the statistics, if the amplitude was adjusted in a particular set, each mix design type 
could not compare relatively with each other.
Table 40 Sample C1-03C+0 Amplitude Measurement Statistics for a
0.05 (t-critical of 1.96)
Sample C1-03C+0 Amplitude Gate = P4
20% 40% 60%
IRa 60.97 64.49 64.77
SD, 0.01 0.01 0.03
IRc -24.82 -17.42 -14.33
SD: 0.07 0.01 0.06
IRm -85.79 -81.90 -79.10
Pooled SD 0.08 0.01 0.07
SE df = 38 0.0122 0.0022 0.0106
Compare 20 to 40 40 to 60
t-test -108.1 -101.8
Compare 20 to 60 t-crit -  2.02t-test -109.3
148
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 41 Sample C1-12C-8 Amplitude Measurement Statistics for a
0.05 (t-critical of 1.96)
Sam ple C 1 -12C -8 Amplitude G ate -  P4
20 % 4 0 % 60 % 90 %
IR« 64 .41 6 4 .0 6 6 4 .2 6 6 3 .0 9
S D , 0 .0 0 5 5 0 .0 0 5 5 0 .0 126 0 .0 6 4 9
IRr -2 9 .8 1 -2 5 .9 2 -2 4 .5 0 -2 0 .5 3
SDc 0 .2 097 0 .0 5 7 8 0 .0 315 0 .0 6 3 8
IRm -9 4 .2 2 -8 9 .9 8 -8 8 .7 6 -8 3 .6 1
Pooled SD 0 .2 0 9 8 0 .0 581 0 .0 339 0 .0 9 1 0
SE d f =  38 0 .0 3 4 0 0 .0 0 9 4 0 .0 055 0 .0 1 4 8
Com pare 20 to  40 40  to 60 60 to 90
t-te s t -1 4 .5 2 -4 3 .5 7 -8 8 .5 4
Com pare 20 to 60 4 0  to 90
t-te s t -1 9 .6 0 -8 8 .5 8
Com pare 20 to 90
t-te s t -3 2 .8 9
8.1.7.3 Summary fo r Amplitude
• The amplitude setting must be consistent for an HMA mix design sample 
population
8.1.8 Signal Input
The signal input allows for the adjustment of the speed of the processing in order 
decrease the time of testing. The shorter the input setting, the pulser-receiver will 
sample less data, which results in less signal resolution. There are three levels of input, 
short, normal, and long of which the short input is better applied for the coarse grained 
materials due to refraction.
8.1.8.1 Materials
The type of sample for this comparison was the coarse graded sample C1-12C-8 as 
indicated in the previous section.
8.1.8.2 Testing and Analysis
The measurement parameters are listed in Table 42 aedictated by the tuning 
process.
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Chirp choke A 33%
Chirp choke B 47%
Input Varied
Amplitude % 40
The following null hypotheses were tested:
Two Tailed Test for a  = 0.05
^ 0  ■ ^short ~  ^normal 
^ a  ■ ^shorl ^  ^normal
H q ■ ^normal ^long 
^ a  ■ ^normal ^  ^long
^ 0  • ^ s h o r t  ^ l o n g  
^ a  ■ ^short ^  ^long
The statistics indicate in Table 43, that the null hypothesis of the short-to-normal and 
the normal-to-long are accepted while the input short-to-long was rejected. The input 
should be set at one type only for a given population, preferably the mid-range of 
normal. However, the short input could be used if a sample was found to have a signal 
problem.
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Table 43 Signal Input Comparisons for a = 0.05 (t-critical of 1.96)
Sample C1-12C-8 Signal Input Gate = P4
Input type Short Normal long
IRa 66.17 66.17 66.17
SD. 0.0119 0.0119 0.0091
IRc -24.87 -24.30 -24.48
SDc 0.1331 0.2663 0.0556
IRm -91.04 -90.47 -90.65
Pooled SD 0.1336 0.2665 0.0563
SE d f=38 0.0217 0.0432 0.0091
Compare Short to Normal Normal to Long
t-test -1.05 0.39
Compare Short to Long
t-test -3.04
8.1.8.3 Summary fo r Signal Input
• If the HMA material had high refraction that required a shorter input, the input 
could be set at short within the same HMA sample population as long as the 
original input was set at normal.
8.1.9 Humidity Correction for the Integrated Response Value
During the course of the testing and late in the program, it was discovered that the 
humidity affects the chirp signature; the Gaussian shape. This issue was not found in the 
literature. The tuning of the chirp at a particular frequency is needed to approximate the 
Gaussian (bell) shape on the pulser-receiver screen.
The humidity of the room used for the testing is dictated by the weather environment 
as the room was not humidity controlled. A storm had passed during a testing sequence 
for design number two which resulted in a change from 19 percent to 55 percent in one 
day. One would surmise that using the previously given formula of IRc minus IRa, the 
humidity would be accounted.
As can be seen in the below figures, the testing frequency of 125Khz with a 
bandwidth of 20Khz, Figure 131, which was used for the bulk of the design samples,
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does not contain a well-shaped Gaussian. In order to achieve this shape, the 
transducers had to be adjusted to 120Khz and a bandwidth of 26Khz as seen in Figure 
132 (the amplitude of 30% was used for clarity of display only, not for data acquisition).
The IRm values were calculated in both cases and compared; the IRm was not the 
same by a large difference. The correction of the chirp shape required the changing of 
the center frequency and the bandwidth. It was already established earlier that a 
bandwidth change would result in a signal IR value change.
.1. n  •  , h
Figure 131 Center Frequency 125Khz Figure 132 Center Frequency 120Khz
Thus, in order to use the center frequency that was already established for the 
testing protocol, a correction factor was needed.
Aware that the humidity would decrease with time, a short study was conducted by 
retesting various gradation samples as the humidity was decreasing to establish a 
correction equation.
8.1.9.1 Materials
The samples used were C2-01A and C3-03A selected randomly from the 
populations. The mix properties are defined in Phase I Task 2.
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8.1.9.2 Testing and Analysis
The measurement parameters are listed in Table 44 as dictated by the tuning 
process.




Chirp choke A 35%
Chirp choke B 35%
Input Normal
Amplitude % 90
The graphical plot in Figure 133 was established by using the difference from lowest 
recorded humidity set at zero, in this case 19%. Thus, the equation is only relative for 
this research. The values in the below Table 45 were used to establish the Equation 48 
for Designs 1, 2, and 3 while for Design 4, even though the various modes were not set 
at the 90% amplitude, the equation was still applied in order for the various modes to 
relative to each other. It was not possible to check for the humidity change in these 
modes.
The change in temperature of the air was also checked for a significant difference 
and was found to not be a factor.
Equation 48 IRm Humidity Correction Equation 
y = -0 .0017x^ + 0 .3199 / -  5.4544
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Table 45 Data Table for IRm Humidity Correction
Shot Date Sample ID IRc IRa with dist correction IRm Humidity
delta H = 
19%
14-Oct-05 02-01A -8.59 71.48 -80.07 19.0 0
18-Oct-05 02-01A -14.93 71.94 -86.87 54.5 6.80
24-Oct-05 02-01A -13.15 72.04 -85.19 41.0 5.12
14-Oct-05 O3-03A -5.15 71.61 -76.76 19.0 0.00
24-Oct-05 O3-03A -8.95 72.01 -80.96 39.0 4.20
26-Oct-05 O3-03A -9.01 72.30 -81.31 41.0 4.55
IRm Humidity Correction at 90% Amplitude
8.00
7.00 -








0.00 —  
-i.ocP^ 30 0010 00 20 00 40 00 50.00
Humidity (%)
Figure 133 Humidity Correction for IRm
8.1.9.3 Summary fo r Humidity Correction
• A humidity correction is needed for the IR value
• This correction was relative to the environmental condition of the HMA 
sample population for this research only; no absolute correction was 
established
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8.2 Subtask 2 Scanning Sensitivity for Beam Samples
The previous subtask had the emphasis on the sensitivity of the ultrasound system 
parameters. The purpose of Subtask 2 was the focus on the particular method of 
positioning the transducer. A comparison was made using the single fixed positions and 
the auto-scanning of the full beams.
The HMA samples were then NCU measured with different signal parameters and 
analyzed against each other for the Integrated Response value.
8.2.1 HMA Material Selection and Preparation
Design number 4 was used for this subtask because both a fixed and scanned signal 
could be performed on the same sample.
8.2.1.1 Materials
The materials were all of the design four samples as designated in Phase I Task 2.
In order to aid in the understanding of the specimen organization, Table 46 displays 
the beam-testing matrix. The samples were tested for the NCU measurement value of 
Integrated Response (IR) and calculated material velocity.









8.2.2 Perform Ultrasound Measurements
Various trial shot locations were acquired on the specimen beam-ends, A and C and 
the center, B (Figure 134). It was found that the end positions A and C had a higher
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standard deviation, which was probably due to the formation of rock pockets during the 
fabrication of the sample and confirmed in the earlier study. Visually, the samples did 
reveal segregation such a rock pockets thus, it was expected that the correlation would 
be lower than what would be have been with a homogenous material. Thus, the fixed 
shots were performed at or near the center, B, where the surface was visually smooth.
Figure 134 Transducer Position on Beam Sample (plan view)
The term “mode” used in this subtask represents the actual parameters that were set 
for the ultrasound measurement and are listed in Table 47.
Table 47 Beam Testing Mode Descriptions
Mode Number
1 2 3 4 5
Position B B B A to C scan A to C scan
Center Frequency KHz 121 121 121 116 121
Bandwidth KHz 36 36 36 18 36
Chirp Choke A/B % 20/50 20/50 20/50 35/10 36/65
Amplitude % 50 50 90 80 80
Signal Input Short Normal Normal Normal Normal
Signal Duration ps 650 650 650 650 1200
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8.2.3 Results and Analysis for Center Shots for Modes 1. 2. and Mode 3
The Table 48 below contains the matrix of each specimen with the corresponding 
Integrated Response (IR) and material ultrasound velocity. In order to provide clarity in 
this subsection, the fully recorded data sets are in Appendix III.
The IRm values differ for each mode thus, an ANOVA test was performed on the IR 
and the material velocity means to establish the significance of the differences in their 
variances in the means. The null hypothesis for the two-factor ANOVA is:
Two Tailed Test for a  = 0.05
■ Mmode i ~  /^mode j 
• /^mode i ^  A*mode j
For the IRm, the two-factor replicate ANOVA Null Hypotheses of all of the three 
gradation types were rejected for between samples. For the testing modes in Table 49, 
all modes were rejected with exception or the comparing of modes 1 with 2.
The ANOVA for the velocity in as displayed in Table 50, with the exception of all 
modes compared to each other, the null hypotheses results were not rejected.
The results for IRm, as displayed in Table 49, indicates they were not rejected for the 
comparison of modes 1 with 2, but were rejected with the rejection of modes 1 with 3 
and 2 with 3. The outcome of modes 1 and 2 agrees with the sensitivity study in that 
they applied the same amplitude with different input type, which in this case of using a 
short and normal input, would not significantly change the outcome.
Table 50 displays the results of the ANOVA for the velocity of which no mode 
comparisons were rejected. This indicates that the velocity was not affected by the 
transducer parameter settings.
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Table 48 Modes 1, 2, and 3 Integrated response and Specimen Velocity
Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 3

























2.774 B  
2 9 0 9 0
3,424
B4093M+0 Grad +0 -81.73 -81.14 -82.57 3,390 3,215 2,994









3 078 3.072 ' 2 ,8 6 0^
B4110L+8 Grad +8 -87.67 -86.96 -79.94 3,806 3,367 3,404
B4110M+8 Grad +8 -81.15 -81.06 -81.69 2,802 3,327 3,605
B4110R+8 Grad +8 -82.42 -82.47 -80.76 3,287 3,474 2,877
B4111L+8 Grad +8 










' 3.627 . 
3.319
B4112L+8 Grad +8 -77.13 -76.03 -76.96 3,297 3,240 2,960
B4112M+8 Grad +8 -79.18 -78.01 -79.95 2,858 2,809 2,878
B4112R+8 Grad +8 -82.62 -82.24 -80.65 3,118 3,078 3,839
b4113L-8 
8 41 1 IM-8
Grad -3 -82.54 -SO 02 -82 49 3,030 3,020 , 3 323fC
B4114L-8 Grad -8 -90.38 -88.55 -86.78 3,156 3,487 2,998
B4114M-8 Grad -8 -89.84 -88.16 -84.26 3,301 3,061 3,267






















' 3 288#: 
3,242 €  
■ 3.027
Table 49 Two-factor replicate ANOVA for the Integrated Response for a  = 0.05
ANOVA for Integrated Response
Comparing Modes 1, 2, & 3 Modes 1 & 2
df F P-value Font
Null
hypothesis
df F P-vaiue Fcrit
Null
hypothesis
Sampie 8 5.29 0.0001 2.12 Rejected 8 3.60 0.0036 2.21 Rejected
Modes 2 7.39 0.001 3.17 Rejected 1 0.80 0.38 4.11 Not rejected i
Comparing Modes 1 & 3 Modes 2 & 3
df F P-vaiue Font Nullhypothesis df
F P-vaiue F crit Nullhypothesis
Sampie 8 4.59 0.001 2.21 Rejected 8 2.92 0.013 2.21 Rejected
Modes 1 17.02 0.000 4.11 Rejected 1 8.32 0.007 4.11 Rejected
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Table 50 Two-factor replicate ANOVA for Material Velocity for a = 0.05
ANOVA for Material Ultrasound Velocity
Comparing Mode 1. 2 , 3 Mode 1 & 2
df F P-value F crit
Null
hypothesis df F P-value F crit
Null
hypothesis
Modes 2 0.73 0.488 3.17 l^ o t R e je c t^ 1 0.02 0.89 4.11 Not Rejected ij
Comparing Mode 1 & 3 Mode 2 & 3
df F P-value Fcrit Nullhypothesis df F P-value F crit
Null
hypothesis
Modes 1 0.82 0.37 4.11 y o l  Rejechgg 1 1.25 0.27 4.11 Not Rejected 1
8.2.3.1 Summary for Modes 1. 2 and 3
• The use of the short and normal input setting can be applied within the same 
mix design population which agrees with the previous study
• The amplitude must remain the same within the mix design population
• The velocity derived from the time-of-flight is not affected by the NCU 
parameter settings when comparing the modes in pairs.
8.2.4 Results and Analysis for the Full Beam Scan Modes 4 and 5
When manufacturing HMA and either placing the material on a road or fabricating the 
sample in the laboratory, the value of the Integrated Response should be the same. 
Intuitively, this is not the case due to segregation of the material. Thus, this study utilized 
the scan table in order to capture all of the material to incorporate the variability of the 
sample. The full beam scan involved the automatic control of the scan table, which 
allowed the transducers to be set at position A (Figure 134) and programmed to collect 
data from position A to C. One of the measured values in all of the ultrasound testing is 
the full wave-half maximum (FWHM), which is a means by which to detect a good signal. 
It is used to describe a measurement of the width an image, when that image does not 
have sharp edges. The image of a signal on the receiver screen has a profile, which is 
closer to a Gaussian curve. Figure 135.
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FWHM
Figure 135 Example of FWHM 10
In order to compare different images, the Gaussian parameter, a, in the denominator 




This does not really describe the extent of the profile, because the actual width of the 
profile extends to infinity. An alternative, which better reflects the approximate size 
image, is the width across the profile when it drops to half of its peak, or maximum, 
value. It is a simple and well-defined number, which can be used to compare the quality 
of images obtained under different observing conditions.
The value of the FWHM has been relatively low, which indicates a good signal. The 
problem with the scanning process is that as the transducers move, the signal will at 
times scatter which in turn reduces the quality of the captured data. The FWHM is a 
direct indicator of the scatter thus the scanned data must be filtered for a FWHM that is 
relatively similar to other scanned data. The scan was performed using two different
10 F W H M  inform ation from  h ttp ://w w w .n oao .edu /w iyn /im ag es/fw hm .h tm l
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modes, one at 650ps, and the other at 1200ps duration. It was also found that the 
shorter signal duration had an elevated overall FWHM, thus the data filter in the analysis 
spreadsheet was set at ± lOOdbs and ± 75dbs for duration of 650ps and 1200ps 
respectively. The normal range for the FWHM that has been experienced prior to the 
automatic scan was about 50dbs. Only the IRm values were affected by the filtering 
process.
The ultrasound data sets for this section are found in Table 51 with the raw data 
located in Appendix III.
Table 51 Data Summary for Modes 4 and 5
Mode 4 Mode 4 Mode 5 Mode 5 Mode 4 Mode 5











B4092L+0 Grad +0 -83 93 -82.40 -86.28 -86.91 4,016 2,917 ,
B4092M+0 Grad +0 -79 83 -79.37 -81 49 -83.02 3327 2.886 i
B4093L+0 Grad +0 -81.19 -80.36 -84.68 -84.86 4 , 2 6 ^ 2,839
B4093M+0 Grad +0 -78.05 -77.96 -82.36 -82.38 3,421 2,996
B4093R+0 Grad +0 -75.64 -75.64 -80.70 -80.70 3,609 3,041
B4118L+0 Grad +0 -80.14 -79.64 -83.88 -83 88 4,811 2,990 ;
B4118M+Q -7617
-76.97
-78 83 -78 83 4 758 3 ,0 ^ ^
B4110L+8 Grad +8 -78.66 -82.18 -82.18 6.847 3,172
B4110M+8 Grad +8 -75.46 -73.76 -78.08 -78.09 5,397 4,043
B4110R+8 Grad +8 -78.13 -76.10 -79.96 -79.96 3,588 2,856
B4111L+8 Grad +8 -77.76 -75.97 -79 60 -81 18 3.920 3,327
B4111M+8 Grad +8 -78 25 -76.54 -81.94 -81 94 3.228 2,733
B4111R+8 Grad +8 •80 30 -78.37 -83 31 -83 30 3.014 2 511 ,
B4112L+8 Grad +8 -72.42 -70.72 -75.21 -75.21 3,556 3,045
B4112M+8 Grad +8 -77.27 -75.57 -78.67 -78.67 3,105 2,512
B4112R+8 Grad +8 -79.62 -77.02 -82.77 -82.71 5,719 4,143
B4113L-8 Grad >8 -83.92 -79.77 -84 35 -84 46 4,557 2.860
B4113M-8 Grad-8 -81 13 -81 14 -86.18 -86 24 3,830 3,107
B4113R-8 Grad -8 -82.81 -81 88 -85 55 -85 48 ^  3,252,_._ 2.821
B4114L-8 Grad -8 -84.52 -83.37 -88.31 -88.40 3,868 2,920
B4114M-8 Grad -8 -80.56 -80.35 -81.01 -81.05 2,719 2,316
B4114R-8 Grad -8 -78.56 -78.36 -80.70 -80.72 3,327 3,276
B4115L-8 Grad-8 -85 31 -84.18 -88 31 -89.44 2,764 2,642
B4115M-8 Grad-8 , -81.39 -81.00 -85.64 -85 63 4,452 3 191
_«8QLZ5_ 2 950
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Given the concern for the FWHM factor, which dictated a filtering process, a two- 
factor ANOVA was conducted of the means for null hypotheses of:
Two Tailed Test for a  = 0.05
• l^unfiltered ~  l-^filtered 
^ 8  ■ f^unfiltered ^  t^iltered
As can be viewed in Table 52, the hypotheses were not rejected for between the 
unfiltered and filtered modes. Thus, for the data analysis, the filtered set would be used. 
The material velocity was not compared in that the velocities were not subjected to a 
filtering process.
Table 52 Comparison of the IRm with a two-factor ANOVA for modes 4 & 5 filtering for a
= 0.05
ANOVA for Integrated Response
Comparing Modes 4 unfiltered & 4 filtered Modes 5 unfiltered & 5 filtered
df F P-value F crit Nullhypothesis df F P-value F crit
Null
hypothesis
Sample 8 5.55 0.00 2.21 Rejected 8 5.30 0.00 2.21 Rejected
Modes 1 3.47 0.07 4.11 1 0.07 0.80 4.11
A comparison of the IRm and velocity values were then made of the filtered modes 4 
and 5 with the previous modes 1, 2, and 3 using the ANOVA for the means as 
demonstrated in Table 53 for a Null Hypothesis of:
Two Tailed Test for a  = 0.05
• A^mode_/ ~  f ^ m o d e _ j  
^ 8  ■ M m ode_; ^  f ^ m o d e _ j
Where / and J are the different modes 
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The IRm results demonstrate that all data comparisons are rejected with exception of 
mode 1 compared to 5, and mode 2 compared to 5 which cannot be explained. For the 
velocity, all comparisons with mode number 4 were rejected while comparing modes 1,
2, and 3 against mode 5 were not rejected.
Table 53 Two-factor replicate ANOVA for Integrated Response for Filtered Modes 4 & 5
with Modes 1, 2, & 3 for a  = 0.05
ANOVA for Integrated Response
Comparing Modes 1 ,2 3 , 4 , & 5 Modes 1 & 4
df F P-value Fcrit Nullhypothesis df F P-value Fcrit
Null
hypothesis
Sample 8 9.62 0.000 2.04 Rejected 8 5.26 0.0002 2.21 Rejected
Modes 4 17.79 0.000 2.47 Rejected 1 55.78 0.000 4.11 Rejected
Comparing Mode 2 & 4 Modes 3 & 4
df F P-value Fcrit Nullhypothesis df
F P-value F crit Nullhypothesis
Sample 8 3.85 0.002 2.21 Rejected 8 5.67 0.000 2.21 Rejected
Modes 1 38.87 0.000 4.11 Rejected 1 24.86 0.000 4.11 Rejected
Comparing Modes 1 & 5 Modes 2 & 5
df F P-value F crit Nullhypothesis df F P-value Fcrit
Null
hypothesis
Sample 8 4.46 0.001 2.21 Rejected 8 3.07 0.010 2.21 Rejected
Modes 1 2.82 0.102 4.11 1 0.49 0.489 4.11
Comparing Mode 3 & 5 Mode 4 & 5
df F P-value F crit Nullhypothesis df F P-value F crit
Null
hypothesis
Sample 8 4.27 0.00 2.21 Rejected 8 6.32 0.00 2.21 Rejected
Modes 1 5.34 0.03 4.11 Rejected 1 36.22 0.00 4.11 Rejected
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Table 54 Two-factor replicate ANOVA for Velocity for Filtered Modes 4 & 5 with Modes
1, 2, & 3 for a  = 0.05
ANOVA for Material Ultrasound Velocity
Comparing Mode 1 to 4 filtered Mode 1 to 5 filtered
df F P-value Fcrit Nullhypothesis df F P-yalue F crit
Null
hypothesis
Modes 1 29.62 3.9E-06 4.11 Rejected 1 0.027 0.8700 4.11
Comparing Mode 2 to 4 filtered Mode 2 to 5 filtered
df F P-value Fcrit Nullhypothesis df F P-yalue Fcrit
Null
hypothesis
Modes 1 31.51 2.29E-06 4.11 Rejected 1 0.0034 0.95379 4.11
Comparing Mode 3 to 4 filtered Mode 3 to 5 filtered
df F P-value F crit Nullhypothesis df F P-yalue F crit
Null
hypothesis
Modes 1 24.34 1.84E-05 4.11 Rejected 1 0.8692 0.3574 4.11 Not R e je c t# '
Comparing Mode 4 to 5 filtered
df F P-value F crit Nullhypothesis
Modes 1 28.06 6.05E-06 4.11 Rejected
8.2.4.1 Sum mary fo r Modes 4 and 5
• The best testing method is to set the parameters and not deviate from it 
within a mix design population
• There was no difference between the unfiltered and filtered full scan data for 
modes 4 and 5.
• Only the filtered modes were used for this study
• The IRm results demonstrate that all data comparisons are rejected with 
exception of mode 1 compared to 5, and mode 2 compared to 5 which cannot 
be explained.
• For the velocity, all comparisons with mode number 4 were rejected while 
comparing modes 1, 2, and 3 against mode 5 were not rejected.
8.3 Subtask 3 Best mode for Integrated Response versus material properties
The previous subtask analyzed the non-contact ultrasound modes to see if they were 
similar to each other with respect to the ultrasound measurement. This subtask analyzes
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the mode testing versus the material property of Bulk Specific gravity. This would check 
to see which scanning technique, the single fixed position or the full beam scan, would 
be the most effective.
In order to determine a preferred mode to use for the correlation of the material 
characteristics, simple linear regression was performed due to the linear propensity of 
the relationship in other materials (Bhardwaj, M.C. (e)).
8.3.1 Material Selection
The material background, preparation, and sample labeling was given in the previous 
Phase I Task 2 for design number four.
In order to aid in the understanding of the specimen organization. Table 55 displays 
the testing matrix. The design number four was tested for the material properties of 
CoreLok Bulk Specific Gravity (CBSG) and Saturated Surface Dry (SSD) followed by 
NCU measurement value of Integrated Response (IR) and calculated material velocity 
as described in the previous Task 2.










8.3.2 Perform Ultrasound Measurements
The NCU measurements were conducted in the previous subtask and were applied 
against the material tests for this subtask.
165
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8.3.3 Perform Material Property Tests
The material testing for this subtask was the Bulk Specific Gravity using the CoreLok 
and the Saturated Surface Dry Bulk Specific Gravity as described in Task 2. The values 
of the ultrasound IR, calculated velocity, CoreLok and saturated surface dry density are 
displayed in Table 56.
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B 4114M -8 8 0 .5 4 -2 .2 2 -8 1 .0 5 2 .3 1 6 2 .3 5 4 2 .3 8 2 4 .8 0 % 4 .6 0 0
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8.3.4 Results and analysis of Phase I Task 4 Subtask 3
Linear regression was performed at four different levels of data. Then the data 
checked for between gradations using the t-test. The levels were analyzed with the IR or 
material velocity versus the CoreLok or SSD Bulk Specific:
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Level 1 : Regression of all of the data points 
Level 2: Regression of the average of each data point set 
Level 3: Regression of the average of the gradation type using the average of all 
data points within a gradation type -8, +0, and +8
Level 4: Regression within each HMA replicate sample set 
Level 5: t-test for between gradations -8, +0, and +8
8.3.4.1 Level 1 Regression of all of the data points
For Level 1, a linear regression of all of the data values for the IRm and both the 
CoreLok and SSD bulk specific gravity was conducted for each mode and it is clear from 
the below data in Table 57 that there is a very low correlation of all of the data sets 
factored together. The Figure 136 is an example graph, using filtered mode 4 
demonstrating the high scatter.

































Density (g/cc) corelok 0.20 0.02 0.02 0.18 0.21 0.14 0.10 0.06 0.01 0.07
Density SSD (g/cc) 0.17 0.01 0.01 0.11 0.15 0.12 0.08 0.05 0.00 0.05
Rut Depth 0.08 0.05 0.02 0.17 0.10 0.02 0.00 0.15 0.05 0.06
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y = 0.0048X + 2.7058 
R^  = 0.182














Figure 136 Level One Example Regression
8.3.4.2 Level 2 Regression o f the average o f each data point set
For Level 2, the replicate data sets were averaged then linearly regressed. There is 
virtually no change in the R-square for the correlation as demonstrated in Table 58 and 
Figure 137.











lo  E  cc
111
U .
0 ) * 0  JO
l l i
CM
.g 8 f  
i S -
®  d'IoIP | | i ( D O WIP
Density (g/cc) corelok 0.29 0.09 0.10 0.19 0.32 0.01 0.05 0.10 0.11 0.04
Density SSD (g/cc) 0.20 0.03 0.05 0.05 0.14 0.00 0.02 0.05 0.06 0.00
Rut Depth 0.21 0.51 0.18 0.60 0.42 0.00 0.00 0.10 0.00 0.17
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Example Graph of Results Level Two Regression (Mode 4  
Filtered)








-84.00 -82.00 -80.00 -78.00
IRm (dBs)
-76.00 -74.00 -72.00
Figure 137 Level Two Example Regression
8.3.4.3 Level 3 Regression o f the average o f the gradation type usina the average o f all 
data points within a gradation tvoe -8. +0. and +8
For Level 3, all of the data within each gradation type -8, +0, and +8 were averaged 
then plotted. The dramatic improvement in correlation occurs at a level where all of the 
data for each gradation type is averaged then these three points are plotted, (as 
exampled in Figure 138 and Table 59). The shaded cells represent a correlation equal to 
or greater than 0.70. This regression value was selected only as an indicator of a 
significant correlation in order to achieve a visual comparison using the shaded cells.
The linear regression in Table 59 for the IR is a virtual tie between Modes 2, 4 and 5 
for the CoreLok density. While for the regression of the velocity, Modes 4 and 5 are 
favored. An unexpected and unexplained correlation occurred with respect to the 
velocity and the SSD Bulk Specific Gravity in Modes 1, 2 and 3. In addition, notice the 
high correlation of the rut values to the IRm for modes 2, 3, and 5 and the material 
velocity for mode 5.
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Due to the higher correlation for the full scan filtered mode 4 for both the Corelok  
specific gravity and the APA rut depth, it will be used for the following section of 
comparisons. Mode 5 will be used in conjunction with the velocity correlations. It is clear 
though that the longer duration scan of mode 5 made a significant difference on the 
velocity correlation with the Corelok and APA rut depth.
Table 59 level 3 R-square Regression Using Average by Gradation Type +8, +0, -8
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Density (g/cc) corelok 0.54 0.51 0.26 0.41 0.20
Density SSD (g/cc) 0.00 0.11 0.00 0.22 0.15 0.04 0.38
Rut Depth 0.42 0.39 0.37 0.53 0.31 0.56
Example Graph of Level Three Regression (Mode 4 Filtered)











-83.00 -81.00 -79.00 -77.00 -75.00 -73.00
IRm (dBs)
Figure 138 level Three Example Regression
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8.3.4.4 Level 4 Regression within each HMA replicate sample set
The previous analysis lumped all of the data sets together with the assumption that 
the population would be correlated. However, the only valid correlation was the plotting 
of the average of each gradation. The level four analysis checked each HMA sample 
replicate data set against the IR and velocity. Each data set was tabulated and as can 
be seen in the Table 60 and Table 61, there is much more agreement in correlation 
within each HMA sample data set for the IR and the velocity as compared to the entire 
population. Figure 139 through Figure 144 demonstrate visually these regressions for 
the most correlated data. Mode 4.
The data Table 62 represents the regression values of the Integrated Response and 
the material velocity versus the APA rut depth. Mode 4 appears to have the most 
correlated data for IRm while for the velocity there is not one mode that dominates for 
the best correlation.
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B4093 0 772 0 851 0.732
0 935 0 964B4118 0 925 0.652
0.666 0 887 0.313 0.019B4110
0.077 0.023 0.543 0.072B4111 0,364 0.046 0.093
0.423 0.462B4112
B4113 0.182
0.076 0.450 0.187B4114 0.088 0.566
0.428 0.074 0.238 0.372 0.539B4115
Table 62 R-square for IRm and Velocity versus APA Rut Depth
in  <D t t
0.109 0.265 0.564B4092
0.520B4093 0.532 0 691 0.643
B4118 0.672 916
B4110 0.217
0.045 0 831 0.205B4111
84112 0.650 0 712 0.679 0.017
B4113 0 ^
0.008
u yuy 0 919 0.116
B4114 0.004 0.389 0.089
0.056B4115 0.020
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- 8 5  -84 -83  -82  -81 -80  -79 -78 -77
IRm (dbs)
■  S e tB 411 3  A S e tB 4 1 1 4  • S e tB 4 1 1 5
Figure 139 Design 4 Gradation Type -8 Mode 4 Individual Sets for IR Correlation with
CoreLok Specific Gravity










2,000 2,500 3,000 3,500 4,000
Velocity (m/s)
■  SetB4113 ASetB 4114
4,500 5,000
•  SetB4115
Figure 140 Example of Individual Set Velocity Correlation for Gradation Type -8
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ASetB4093«SetB 4092 •  SetB4118
Figure 141 Example of Individual Set IR Correlation for Gradation Type +0










1,000 3,500 4,000 4,500 5,000 5,500 6,000
Velocity (m/s)
■  SetB4092 ASetB4093 •SetB4118
Figure 142 Example of Individual Set Velocity Correlation for Gradation Type +0
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■  SetB4111 •  SetB4112A Set B4110
Figure 143 Example of Individual Set IR Correlation for Gradation Type +8







2,000 3,000 4,000 5,000 6,000 7,000 8,000
Velocity (m/s)
ASetB4110 ■SetB4111 •SetB4112
Figure 144 Example of Individual Set Velocity Correlation for Gradation Type +8
8.3.4.5 CoreLok Bulk Specific Gravity and Saturated Surface Dry Comparisons
The CoreLok and the Saturated Surface Dry specific gravities means were checked 
using the ANOVA. The one-way ANOVA used the null hypothesis of:
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Two Tailed Test for a = 0.05
^ 0  • f^CoreLok ~  ^^SSD 
■ l^CoraLok ^  A*SSD
Table 63 Two-way ANOVA for Corelok and Saturated Surface Dry
Corelok versus SSD
Two-way ANOVA df F P-value Fcrit Null Hypothesis
Between Replicate samples 8 3.143 0.00842 2.209 Rejected
Columns 1 10.32 0.00277 4.113 Rejected
The results of the ANOVA were the rejection of both between the replicates and all of 
the data as indicated in Table 63.
It is clear from the analysis that the Corelok and SSD are significantly different. The 
choice of which value to use for future analysis was determined by checking which table 
of regressions were the most correlated with each set of specific gravities. Table 61 
represents the regression using the saturated surface dry (SSD) specific gravity and as 
can be seen, the amount of sets that correlated are higher as compared to the Corelok  
specific gravity in Table 60. However, mode 4 in the Corelok table captured the most 
single-set correlations with respect to the Corelok, thus, mode 4 and the Corelok  
Specific Gravity were primarily used for the future analysis.
8.3.4.6 Level 5 t-test between gradations -8. +0. and  +8
The purpose of this level was to see if there was a discernable difference between 
gradations for the Integrated Response, material velocity, Corelok specific gravity, the 
SSD specific gravity, and the rut depth by using the t-test. First, a one-way ANOVA was 
performed to check for the variance for a null hypotheses as given by;
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H  • r p '  — r p
' ' 0  • and gradation I and gradation j
■ ^ x  and gradation i ^  ^ x  and gradation j
X = measurement type 
i and j = gradation type
Only mode 4 was analyzed due to the high "within set” correlation between the IR 
and the Corelok BSG. The data are listed in Table 64 through Table 68. The results as 
listed in Table 69 indicate rejection of the null hypotheses for Integrated Response and 
the rut depth. The other comparisons were not rejected. Using these results, a t-test was 
performed for the specific gravities, material velocity assuming equal variances, the 
Integrated Response, and the APA rut depth assuming unequal variances using the null 
hypotheses of;
^ 0  • and gradation i ^ x  and gradation j 
^ a  • ^ x  and gradation i ^  ^ x  and gradation j
X = measurement type 
i and j = gradation type
The outcome was the same as the ANOVA, as demonstrated in Table 70 through 
Table 74 with exception of the APA rut depth comparison between gradation -8 and +0. 
This was not rejected. The total outcome is that the only real discriminator between the 
gradation types is the Integrated Response.
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Table 64 Mode 4 Integrated Response for each gradation type
Sample ID IR (dbs) Grad -8 Sample ID
IR (dbs) Grad 
+0 Sample ID
IR (dbs) Grad 
+8
841131-8 -79.77 B40921+0 -82.40 B41101+8 -76.97
B4113M-8 -81.14 B4092M+0 B4110M+8 -73.76
B4113R-8 -81.88 B4092R+0 -76.88 B4110R+8 -76.10
B41141-8 -83.37 B40931+0 -80.36 02-111 I -75.97
B4114M-8 -80.35 B4093M+0 -77.96 B4111M+8 -76.54
B4114R-8 -78.36 B4093R+0 -75.64 B4111R+8 -78.37
B41151-8 -84.18 B41181+0 -79.64 ; 02-112 I -70.72
B4115M-8 -81.00 B4118M+0 -76.17 B4112M+8 -75.57
B4115R-8 -80.63 B4118R+0 -75.89 B4112R+8 -77.02
Table 65 Mode 4 Material Velocity for each Gradation Type
Sample ID
Velocity 
(m/s) Grad - 
8
Sample ID Velocity (m/s) Grad +0 Sample ID
Velocity (m/s) 
Grad +8
B41131-8 4,557 B40921+0 4,016 B41101+8 6,847
B4113M-8 3,830 B4092M+0 3,327 B4110M+8 5,397
B4113R-8 3,252 B4092R+0 3,292 B4110R+8 3,588
B41141-8 3,868 B40931+0 4,269 02-111 I 3,920
B4114M-8 2,719 B4093M+0 3,421 B4111M+8 3,228
B4114R-8 3,327 B4093R+0 3,609 B4111R+8 3,014
B41151-8 2,764 B41181+0 02-112 I 3,556
B4115M-8 4,452 B4118M+0 4,759 B4112M+8 3,105
B4115R-8 3,963 B4118R+0 5,698 B4112R+8 5,719













B41131-8 2.312 B40921+0 2.249 B41101+8 2.298
B4113M-8 2.313 B4092M+0 2.295 B4110M+8 2.305
B4113R-8 2.319 B4092R+0 2.335 B4110R+8 2.366
B41141-8 2.316 B40931+0 2.324 02-111 I 2.360
B4114M-8 2.354 B4093M+0 2.333 B4111M+8 2.335
B4114R-8 2.340 B4093R+0 2.340 B4111R+8 2.331
B41151-8 2.335 B41181+0 2.325 02-1121 2.388
B4115M-8 2.323 B4118M+0 2.372 B4112M+8 2.273
B4115R-8 2.332 B4118R+0 2.401 B4112R+8 2.392
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Table 67 Mode 4 Saturated Surface Dry BSG for each Gradation Type
Sample ID
SSD SG 










B4113L-8 2.344 B4092L+0 B4110L+8 2.314
B4113M-8 2.348 B4092M+0 2.331 B4110M+8 2.329
B4113R-8 2.349 B4092R+0 2.364 B4110R+8 2.386
B4114L-8 2.344 B4093L+0 2.350 02-111 L 2.385
B4114M-8 2.382 B4093M+0 2.362 B4111M+8 2.354
B4114R-8 2.370 B4093R+0 2.363 B4111R+8 2.353
B4115L-8 2.368 B4118L+0 'ey^ .:2i354v\r(;}: 5 r :0 # T # y : . 2.407
B4115M-8 2.355 B4118M+0 2.395 B4112M+8 2.298
B4115R-8 2.370 B4118R+0 2.429 B4112R+8 2.410
















B4113L-8 6.87 B4092L+0 B4110L+8 6.97
B4113M-8 5.12 B4092M+0 4.88 B4110M+8 5.11
B4113R-8 5.02 B4092R+0 5.71 B4110R+8 6.39
B4114L-8 4.93 B4093L+0 5.46 02-111 L 8.48
B4114M-8 4.60 B4093M+0 5.40 B4111M+8 6.30
B4114R-8 5.80 B4093R+0 5.16 B4111R+8 5.49
B4115L-8 4.04 B4118L+0 02-112 L 5.17
B4115M-8 3.77 B4118M+0 4.57 B4112M+8 8.37
B4115R-8 4.49 B4118R+0 6.07 B4112R+8 8.14
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F P-value Fcrit df
15.06 0.0001 3.40 2 Rejected
Material Velocity
F P-value Fcrit df
0.98 0.3904 3.40 2
CoreLok BSG
F P-value Fcrit df
0.26 0.7744 3.40 2
Saturated Surface Dry BSG
F P-value Fcrit df
0.004 0.996 3.40 2 Not reiedttl
A PA Rut Dept h
F P-value F crit df
7.82 0.002 3.40 2 Rejected
Table 70 t-test of Velocities for Gradation Differences
Velocities
t-Test: Two-Sample Assuming Equal Variances
Gradation -8 to +0 Gradation -8 to +8 Gradation +0 to +8
Mean 3637 4134 3637 4264 4134 4264
Variance 444757 683887 444757 1891073 683887 1891073
df 16 16 16
tStat -1.40 -1.23 -0.24
P(T<=t) two-tail 0.179955 0.236301 0.8106
t Critical two-tail 2.12 2.12 2.12
Null Hypothesis Not Rejected Not Rejected Not Rejected
Table 71 t-test of CoreLok Specific Gravities for Gradation Differences
CoreLok Specific Gravities
t-Test: Two-Sample Assuming Equal Variances
Gradation -8 to +0 Gradation -8 to +8 Gradation +0 to +8
Mean 2.327 2.330 2.327 2.339 2.330 2.339
Variance 0.00020 0.00185 0.00020 0.00171 0.00185 0.00171
df 16 16 16
tStat -0.21 -0.80 -0.42
P(T<=t) two-tail 0.83651 0.43733 0.6769
t Critical two-tail 2.12 2.12 2.12
Null Hypothesis Not Rejected Not Rejected Not Rejected
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Table 72 t-test of Saturated Surface Dry Specific Gravities for Gradation Differences
Saturated Surface Dry Specific Gravities
t-Test: Two-Sample Assuming Egual Variances
Gradation -8 to +0 Gradation -8 to +8 Gradation +0 to +8
Mean 2.359 2.358 2.359 2.360 2.358 2.360
Variance 0.00019 0.00177 0.00019 0.00162 0.00177 0.00162
df 16 16 16
tStat 0.05 -0.05 -0.07
P(T<=t) two-tail 0.96265 0.96099 0.9431
t Critical two-tail 2.12 2.12 2.12
Null Hypothesis Not Rejected Not Rejected Not Rejected
Table 73 t-test of Integrated Response for Gradation Differences
Integrated Response
t-Test: Two-Sample Assuming Unequal Variances
Gradation -8 to +0 Gradation -8 to +8 Gradation +0 to +8
Mean -81.187 -78.257 -81.187 -75.672 -78.257 -75.672
Variance 3.15437 5.44322 3.15437 4.99753 5.44322 4.99753
df 15 15 16
tStat -3.00 -5.79 -2.40
P(T<=t) two-tail 0.0090252 0.000035 0.02888
t Critical two-tail 2.13 2.13 2.12
Null Hypothesis Rejected Rejected Rejected
Table 74 t-test of APA Rut Depth for Gradation Differences
APA Rut Depth
t-Test; Two-Sam pie Assuming Unequal Variances
Gradation -8 to +0 Gradation -8 to +8 Gradation +0 to +8
Mean 4.960 5.234 4.960 6.713 5.234 6.713
Variance 0.87460 0.36070 0.87460 1.83643 0.36070 1.83643
df 14 14 11
tStat -0.74 -3.19 -2.99
P(T<=t) two-tail 0.4710700 0.006490 0.01223
t Critical two-tail 2.14 2.14 2.20
Null Hypothesis Not Rejected Rejected Rejected
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8.3.4.7 Discussion of Phase I Task 4 Subtask 3
The curious aspect of the results is that the total data population does not correlate 
while the individual sets and the average of the gradation data do correlate. One reason 
for this can possibly be explained with the use of the volumetric diagram.
Before continuing, a new term needs to be introduced, the Fineness Modulus (FM). 
Which is an indicator of the extend of gradation change that will be listed in the following 
tables.
8.3.4.7(a) Fineness Modulus
This is a numerical method of defining the gradation type. The definition is as follows 
(ref: Fineness):
An index of fineness or coarseness of an aggregate sample which is an 
empirical factor determined by adding total percentages of an aggregate sample 
retained on each of a specified series of sieves, and dividing the sum by 100.
F.M. fine material = (Cumulative percent retained on half-sized sieves)/100 
F.M. coarse material = (Cumulative percent retained on standard sieves 
including #4 + 500 )/ 100
8.3.4.7(b) Bulk Velocity
The velocity is a function of the time traveled through the material over a given length 
and will be now termed “bulk velocity” in that it represents the prorated amount of each 
HMA component, air, binder, and aggregate.
If the composite of aggregate, binder, and air in the asphalt concrete is simplified into 
three basic mass groups as indicated in Figure 145 then each mass unit is converted to 
a volume by dividing the weight in grams by the specific gravity in grams per cubic
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centimeter. The result is a volume. Knowing the area of the beam sample surface, this 
can then be divided into the volume, which will yield a length for aggregate and the 
binder. The remaining length balance of the sample thickness is the air volume.
The aggregate contains the most mass and thus as the specific gravity of the 
gradation increases, the volume decreases for the same mass of aggregate. The Table 
75 contains the average of the aggregate and the CoreLok bulk specific gravities, the 
apparent specific gravity (refer to Phase I Task 2) and the percent binder. Given the 
above noted fact, let’s look at the volumetries; remember that the CoreLok is the HMA 
mix bulk specific gravity, which includes the binder, aggregate, and air fraction.
It is known from Table 75 that the total aggregate mass is decreasing in that the 
binder mass is increasing. This is due to the mass of the binder and the aggregate being 
based on the total mass of the sample. The length of the aggregate fraction is 
decreasing given decreasing aggregate material mass. At the same time, the binder 
length is increasing as displayed in Table 76 and Figure 145. Note that the total length of 
the volumes is different for each gradation type. That is because the compaction process 
could not maintain a fixed height.





















-8 5.666 2.700 2.327 1.017 4.80%
+0 5.273 2.700 2.330 1.017 5.00%
+8 4.880 2.700 2.339 1.017 5.27%
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-8 6,484.4 6173.2 288.0 2,786.5 75.31 2,286.4 283.1 381.0 60.01 7.43
+ 0 6,491.6 6167.1 300.0 2,785.8 75.12 2,284.1 295.0 381.0 59.95 7.74





Gradation -8 Gradation +0 Gradation +8
Figure 145 Volumetric Example of Signal Differences
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4.8 5.0 5.2 5.4 5.6
Fineness Modulus (unitiess)
■ Aggregate Length ♦  Binder Length
5.8
Figure 146 Design 4 Aggregate and Binder Volume Length and Fineness Modulus (FM); 
Higher the FM Yields a More Coarse Gradation
The calculated HMA mix bulk velocity is found using Equation 49 with each material 
based on the time of flight of each length back calculated from the assumed material 
velocities as displayed in Table 77. The assumed velocities were derived as follows:
• Aggregate: between 2000 and 6500m/s^\ for this section, 4000m/s will be 
used
• Binder: Average for similar type (Krisnand, 2005), the average from the 
literature was 2500m/s
• Air: Actual measured values in the data set
Table 78 and Figure 147 displays the calculated bulk velocities and the measured 
velocities for a comparison.
11 For reference see Bibliography for Limestone
185
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
As can be seen, even with assumed composite material velocities, the calculated 
values have nearly the same slope separated by a difference that appears to be a 
constant error possibly due to incorrect material component velocity, most likely the 
aggregate. Another source of error would be the sample thickness in that the 
measurement was conducted using calipers. The actual thickness will be less than the 
caliper due to the surface texture. The point in this exercise is to demonstrate the 
influence each material component has on the bulk velocity. The question is, which 
material is the bulk velocity most sensitive when averaging all of the data points in each 
gradation which in turn will drive the transmission coefficient?
Equation 49 Bulk Velocity using Composite Material Velocities
V e l o c i t y =_ ^otal
ToR.
^otal
TOF^ nnr + TOF.:„..r + TOR,y
= Sample thickness 
ToFfotai = Time of flight of sound for sample thickness 
To/^gg  ^ = Time of flight of sound for aggregate volume length 
ToFbincjer = Time of flight of sound for binder volumen length 
ToFgii- = Time of flight of sound for air volume length


























-8 4,000 2,500 346.04 0.07531 0.06001 0.007430 0.007869
+0 4,000 2,500 345.98 0.07512 0.05995 0.007742 0.007427
+8 4,000 2,500 346.08 0.07433 0.05946 0.008155 0.006710
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Table 78 Projected Bulk Velocity using HMA Composite Material Calculated Time-of-















-8 1.50E-05 2.97E-06 2.27E-05 1,850 3,637
+0 1.50E-05 3.10E-06 2.15E-05 1,899 4,134
+8 1.49E-05 3.26E-06 1.94E-05 1,981 4,264







4.8 5.0 5.2 5.4 5.6
Fineness Modulus (no units)
5.8
♦  Calculated Bulk Velocity • Measured Bulk Velocity
Figure 147 Measured and the Calculated Bulk Velocity using Fineness Modulus (FM); 
Higher the FM Yields a More Coarse Gradation
The contribution of each component is listed in Table 79 as a percent of the total 
averaged sample time-of-flights (ToF). The calculated bulk velocity is also displayed as a 
reference. The aggregate has the most influence on the overall time-of-flight (ToF)
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followed by the binder. Using the percent-change times the calculated bulk velocity; the 
combined aggregate-binder velocity change is increasing from the high FM (gradation - 
8) to the lower FM (gradation +8) by 145.9m/s while the air is decreasing by only 15m/s 
(Table 80). The aggregate is the major contributor followed by the binder to the 
measured bulk velocity, which is evidenced by the increasing calculated bulk velocity as 
the air ToF is increasing as demonstrated in Figure 148.










of Total Time- 
of-flight










-8 5.67 36.85% 7.30% 55.85% 4.071 E-05 1,850
+0 5.27 37.89% 7.83% 54.27% 3.955E-05 1,899
+8 4.88 39.62% 8.69% 51.68% 3.752E-05 1,981
Table 80 Contribution of the Time-of-flight Change to the Calculated Bulk Velocity
Aggregate ToF Binder ToF Air ToF
Percent ToF change 2.78% 1.40% -4.17%
Contribution to Bulk Velocity (m/s) 111.03 34.88 -14.43
Total Velocity Contribution (m/s) 131.48
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Figure 148 Air Volume and Bulk Velocity Relationship
This analysis focused on the average of the gradation data however the principle 
would be the same for sample replicate sets. For instance, a replicate set of samples, in 
theory, would be made perfectly the same as illustrated in Figure 149. If that were the 
case, a plot of the Integrated Response or the velocity against the sample density would 
be a single point. Thus, the only reason they do not is that the samples in the set were 
fabricated within the testing procedure normal standard deviation variance. With that 
being said, the high correlation plot of a replicate sample set as demonstrated in the 
previous section, would be chance and could be related to the aggregate volume length 
as seen by the previous example or the other two, binder or air. Thus, for replicate 
sample sets that do not appear to correlate, it should not be assumed that there is an 
error.
Thus, when plotting all of the data points with Integrated Response versus specific 
gravity, they should not be highly correlated in that the replicate sets are only correlated 
byh chance and have different slopes due to fabrication standard deviation error. The
189
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Sample A Sample B Sample C
Figure 149 -  Volumetries for Replicate Samples
8.4 Phase I Task 4 Summarv
It has been demonstrated that the ultrasound integrated response and the material 
velocity does relate to the bulk specific gravity average of all data sets within the 
gradation type or with the use of individual HMA replicate sample sets. However, the 
fabrication of replicate sets does not guarantee that all samples within the replicate set 
will correlated in that the samples will be slightly different within a standard deviation of 
each material component of binder and aggregate quantity and compaction variability. 
The specimen fabrication has a great influence on the variability of the testing data.
It has also been demonstrated that the scanning of the beam sample versus a single 
location provided the best opportunity to establish mix design quality control parameters 
with Integrated Response. Although the single point mode 2 did correlate, modes 1 and 
3 did not. This is due to the variation of the gradation throughout the beam from
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segregation during the fabrication process. Thus, the single point recording, such as with 
Signal Parameter for mode 1 ,2  or 3, may not represent the entire beam sample 
gradation and percent asphalt cement design requirement.
In summary, the results for Phase I Task 4 are as follows:
• When using the total mix design population, for the IRm for modes 2, 3, and 
5, the only correlation with the CoreLok specific gravity was with the 
regression of the gradations -8, +0, and +8 using the average of all the data 
sets within each gradation.
• For within replicate sets, the Integrated Response versus Corelok BSG 
correlation had the best correlation using the signal acquisition Mode 4 
parameters
• The material velocity was correlated with the Corelok specific gravity for the 
full scan modes 4 and 5. However, there was high correlation of the SSD  
versus modes 1, 2, and 3
• The APA rut depth versus the IRm was correlated for the single center shot 
mode 2 and for the full scan modes 4 and 5.
• The APA rut depth versus the material velocity was correlated with the full 
scan mode 5.
• For within replicate sets, the Integrated Response versus Saturated Surface 
Dry BSG, had the best correlation using the signal acquisition Mode 5 
parameters while the Corelok was best correlated to mode 4
• For within replicate sets, the Velocity and either Corelok or Saturated 
Surface Dry BSG had the best correlation using the single center shot signal 
acquisition Mode 1.
• For the comparing of the individual data values between the gradation types - 
8, +0 and +8, the Integrated Response was statistically different while the
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CoreLok specific gravity, SSD specific gravity and material velocity were not. 
The APA rut depth was statically different for comparing of the gradation -8 to 
+8 and +0 to +8. The outcome is that the Integrated Response is the only 
discriminator for discerning gradation type.
For the average of the gradation type -8, +0, and +8, it was found that the 
aggregate and the binder component of the volumetries of the material was 
the driving factor in the detection of the average of the gradation data 
regression.
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CHAPTER 9
PHASE II STUDY FOR A DETECTION OF A DENSITY CHANGE 
The purpose of this phase was to use design number 1 to determine if a density 
change can be detected for one sample point. In phase I, the correlation of data within 
replicates points was possible, however, it is by chance, not intentional. Thus, this 
phase was purposely compacted the same mix type with four different cornpaction 
efforts. In other words, the aggregate and binder ratio will be the same for four points 
and the only change will be the sample volume as indicated in Figure 150, which is 
directly related to the air voids.
The samples were ultrasound measured and using the NCU Integrated Response 
and calculated HMA velocity measurements were then analyzed with the HMA 
properties of Bulk Specific Gravity and rutting. The correlations were determined with 
the use of the excel® spreadsheet data analysis module.
The materials, preparation, testing, and measurements are the same as described in 
Phase I.
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120 blow 112 blow 90 blow 80 blow
Figure 150 Design 1 Volumetries Illustration
9.1 Description of Data Acquired for this Study
The purpose of this task is to describe the method by which to acquire the data, 
which was essentially the same as in Phase I. There are two components;
9.2 HMA Material Testing
9.3 Ultrasound Measurement
The testing and measurement matrix is given by Table 24.
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9.2 HMA Material Testing
The material property testing consisted of the Corelok bulk specific gravity, the 
Saturated Surface Dry bulk specific gravity, and the performance test of rut depth. The 
testing was discussed in the Phase I tasks.
9.3 Ultrasound Measurement
The ultrasound measurement was acquired from the ultrasound signal via a pulser- 
receiver processor using the Integrated Response (IR) and the calculated material 
ultrasound velocity. This system was described in Phase I, however in this task the 
measurement recording and the operational function of the equipment is detailed as 
applied to this phase.
The setup of the cylinder was the same as the beam with the exception that given a 
full automatic scan was not possible due to the round sample versus a long beam, the 
scanning was performed manually by turning the sample in 90 degree increments on the 
sample center for each shot. This was discussed in Phase I. Thus, the data acquisition 
for the cylinders was the average of four shots.
9.3.1 Material Velocity
The velocity calculation from the time-of-flight was previously discussed in Phase I. 
The velocity is dependent upon the material thickness of which design four in phase one 
used a manual method of calipers which was the same for design number 1.
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CHAPTER 10
PHASE II RESULTS AND ANALYSIS  
The design number one was fabricated with four single points that each was 
purposely compacted at different efforts. This was discussed in the Phase I material 
preparation task.
Linear regression was briefly performed on design number 1 for all of the data 
together and found to not correlate, as was the case in the Phase I. Thus, the correlation 
of data focused on four levels. The levels were analyzed with the IR or material velocity 
versus the CoreLok and rut depth:
Level 1 : Regression within each HMA replicate sample set for design number 1 
Level 2: Regression plotting of the average of all data points within a gradation 
type -8, +0, and +8.
Level 3: t-test review of Gradation Discernment 
Level 4: Plotting of All Data for a Trend 
A graphical example of each level is displayed after each data table.
10.1 Level 1 Regression within each HMA replicate sample set Design number 1
The design number 1 samples were fabricated in replicates of four per design point 
however, each of the replicate samples were compacted at different blow counts. As a 
reminder, the Marshall design method for 150mm diameter molds uses a blow count per 
side of 112 each. Thus, the each set of four were compacted at 120, 112, 90 and 80
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blows per side. This in effect changes the density of the sample thereby giving a density 
spread to check for correlation to the Integrated Response and material velocity.
The data presented in Table 82, Table 84, and Table 86 was not checked for outliers 
as would be performed in a standard design process. Even with some outliers, it is clear 
from the below Table 83, Table 85, and Table 87 as well as Figure 152 through Figure 
157, that there was a high correlation of most replicate sets in either the IRm versus the 
CoreLok specific gravity. The trend is that as the density increases, which is the 
decrease of the air void content, the Integrated Response increases. With respect to the 
material velocity, there is not a clear trend. Thus, a general trend graph for the 
Integrated Response can be displayed as shown in Figure 151 demonstrating that as the 
Corelok bulk specific gravity increases so does the Integrated Response, which would 




Figure 151 Trend Graph for Corelok Bulk Specific Gravity and Integrated 
Response for Air Void Change
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C1-11A-8 Grad -8 5.706 -82.87 4.311 2.366 2.409 4.02% 1.35 5.00%
C1-11B-8 Grad -8 5.706 -80.22 3,585 2.369 2.407 3.89% 1.91 5.00%
C1-11C-8 Grad -8 5.706 -85.68 5,894 2.391 2.424 2.99% 3.29 5.00%
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C1-10 Grad -8 0.343
C1-11 Grad -8 0.006 0.377
C1-12 Grad -8 0.282 0.279
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Single Set Correlation for Design 1 Gradation -8
3.1168 





y = 0.0033X + 1 
2&H7
R" = 0.3905 I 2.30
1 :  ^ : , 2 2 8  1
1.00 -84.00 -82.00 -80.00 -78.00-94.00 -92.00 -90.00 -88.00
IR (dBs)
♦ 4.7% ■ 5.00% A 4.40%
Figure 152 Design 1 Gradation -8 IRm versus CoreLok Specific Gravity






1  2.34 
2.32 
2.30
( 7 =  6E-05X + 2 .0 8 6 81 ^  
1 R ' = 0.2821
y = -3E-05X + 2.5245 








|y  = -2E-06x + 2.37271
I I
3,000 3,500 4,000 4,500 5,000 5,500 6,000 6,500
Velocity (m/s)
♦ 4 7% ■ 5 00% A 4 40%
Figure 153 Design 1 Gradation -8 Velocity versus CoreLok Specific Gravity
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1 85 5  
1.69
C1-02A+0 Grad +0 5.24 -76.43 6,571 2.433 2.449 1.83% 2.55
C1-02B+0 Grad +0 5.24 -81.62 4,383 2.372 2.396 4.28% 1.69
C1-02C+0 Grad +0 5.24 -78.14 4,113 2.398 2.424 3.25% 1.96
C1-02D+0 Giad +11 5.24
C1-03AA+0 Grad +0 5.24 -82.63 4.914 2 426 2.440 1.48% 1 83
C1-03AB+0 Grad +0 5.24 -79.49 3.673 2 429 2.443 1 36% 2 4 9 #
C1-03AC+0 Grad +0 5 24 -81 99 4.246 2411 2 436 2 09% 241 { i
JCL1t03AD+(L_...GradL+Q -81 86 4 371 2 418 2 443 1 78% 3 01
C1-04A+0 Grad +0 5.24 -80.68 5.445 2.400 2.437 3.66% 0.84
C1-04B+0 Grad +0 5.24 -76.72 5.155 2.414 2.438 3.10% 0.98
C1-04C+0 Grad +0 5.24 -84.27 3,837 2.388 2.439 4.13% 1.50































C1-01 Grad +0 0.050 0.340 0.133 S 0 675
C1-02 Grad +0 0.468
C1-03 Grad +0 0 233 0.015 0.088
C1-04 Grad +0 0.036 0 963 1 0.000 0.011
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Single Set Correlation for Design 1 Gradation +0
iy  = 0.0028x + 
' 2.6508






y = 0.0111X + 3.272 2.39
R= = 0.9203 --------------------- 1 2.38o.
y = 0.003X + 2.6374 
= 0.3395




- 86.00 -84.00 -82.00 -80.00 
IR (dBs)
-78.00 -76.00 -74.00
! ♦ 4.70% ■ 5.00% A 5.30% •  4.50%












Single Set Correlation for Design 1 Gradation +0
|y  = -2E-06x + 2.4294| 
R  ^= 0.0153 I
y = 2E-07X + 2.3954 
R  ^= 0.0003
2.36 
3,500
y = -6E-06X + 2.4291 
R^  = 0.1333
iy = 2E-05x + 2.3031 
I R' = 0.7436
4,000 4,500 5,000 5,500
Velocity (m/s)
6,000 6,500 7,000
♦ 4.70% ■ 5.00% A 5.30% •  4.50% :
Figure 155 Design 1 Gradation +0 Velocity versus CoreLok Specific Gravity
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C1-21A+8 Grad +8 4.81 -78.64 4,441 2.423 2.440 2.36% 1.54
C1-21B+8 Grad +8 4.81 -77.97 5,057 2.427 2.445 2.18% 1.78
C1-21C+8 Grad +8 4.81 -76.90 5,307 2.412 2.431 2.79% 1.06


























C1-23A+8 Grad +8 4.81 -76.18 4,940 2.405 2.420 2.97% 0.81
C1-23B+8 Grad +8 4.81 -76.31 5,248 2.372 2.393 4.32% 0.81












C l -20 Grad +8 0.000 0.042 0.194
01-21 Grad +8 0.720 0711 & 0.436 0.021
01-22 Grad +8 0.612
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Single Set Correlation for Design 1 Gradation +8
y = 0.003X + 2.6436 
R ' = 0.0423















-81.00 -80.00 -79.00 -78.00 -77.00 -76.00 -75.00 -74.00 -73.00
iR (dBs)
♦ 5.00% ■ 4.70% A 4.55%
Figure 156 Design 1 Gradation +8 IRm versus CoreLok Specific Gravity





fÿ =  1E-05X + 2.33831 




y = -6E-06X + 2.4514 
R' = 0.4362
y = 0.0001x + 
1.8028






♦ 5.00% m 4.70% ♦ 4.55%
Figure 157 Design 1 Gradation +8 Velocity versus CoreLok Specific Gravity
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10.2 Level 2 Regression Plotting of the Average of each Gradation Type
The regression of the average of the data sets within each gradation type was 
discussed in Phase I Task 4 and the same review was conducted for Design 1.
The data Table 88 contains the average of the data for each gradation type with the 
Figure 158 through Figure 160 illustrating the plots. As can be seen, there appears to be 
a very clear distinction between gradation types with the same trend as in Phase I.
Table 88 Design 1 Average Data of Each Gradation Type
Design 1
FM IRm CoreLOk rut Vel % binder
Grad -8 5.71 -85.92 2.363 1.77 4,634 4.74%
Grad +0 5.24 -79.76 2.405 1.78 4,830 4.87%
Grad +8 4.81 -77.21 2.408 1.19 4,904 4.66%
Design 1 Average of Each Gradation Type for IR and 
CoreLok






G rad +8 2.38
Grad -J 2.37
2.36CL
-89.00 -84.00 -79.00 
IRm (dbs)
-74.00
Figure 158 Design 1 Plot of Average Gradation Type for Integrated Response and
CoreLok Specific Gravity
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Design 1 Average of Each Gradation Type for Velocity and CoreLok
2.43












Figure 159 Design 1 Plot of Average Gradation Type for Velocity and CoreLok Specific
Gravity
Design 1 Average of Each Gradation Type for Integrated Réponse 








y = -0.0538X - 2.7762 








 1------------ 1------------ ;------------ !------------ :----- &S&-
-87.00 -85.00 -83.00 -81.00 -79.00 -77.00 -75.00
Integrated Response (dbs)
Figure 160 Design 1 Plot of Average Gradation Type for Integrated Response and the
APA Rut Depth
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10.3 Level 3 t-test rev iew  o f G radation D iscernm ent
The previous levels presented valuable illustrations of the discrimination between the 
gradation types. This level will use the ANOVA and the t-test to demonstrate that as with 
the Phase I Task 4 design number 4, there is a real statistical difference between the 
Integrated Response and the gradation type. Table 89 through Table 92 contains the 
data used for the ANOVA null hypotheses of:
U  . ^ 2  _  2
' ' 0  ■ and gradation i and gradation j
H  • r r ^  r i ^
a  ■ X and gradation I '^ x  and gradation j
X = measurement type 
i and j = gradation type
The ANOVA analysis reveals that the null hypotheses for the Integrated Response, 
CoreLok specific gravity, and the APA rut depth, were rejected while for material 
velocity, it was not rejected as detailed in Table 93. Thus, a t-test was conducted for 
unequal variances and equal variances respectively for null hypotheses of;
^ 0  ■ and gradation i ^ x  and gradation j 
^ a  ■ ■^x and gradation I ^  ^ x  and gradation j
X = measurement type 
i and j = gradation type
The results are located in Table 94 through Table 97. As can be seen in Table 94, 
the only discriminator for the gradation type is the Integrated Response.
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Table 89 Data For the One-way ANOVA for Integrated Response and Gradation Type
Sample ID IRm Grad -8 (dbs) Sample ID
IRm Grad +0 
(dbs) Sample ID
IRm Grad +8 
(dbs)
C1-10A-8 -87.73 C1-01A+0 -77.71 C1-20A+8 -75.87
C1-10B-8 -87.01 C1-01B+0 -78.03 C1-20B+8 -77.90
C1-10C-8 -84.66 C1-01C+0 -80.25 C1-20C+8 -77.38
C1-10D-8 -89.23 C1-01D+0 -76.74 C1-20D+8 -80.05
C1-11A-8 -82.87 C1-02A+0 -76.43 C1-21A+8 -78.64
C1-11B-8 -80.22 C1-02B+0 -81.62 C1-21B+8 -77.97
C1-11C-8 -85.68 C1-02C+0 -78.14 C1-21C+8 -76.90
C1-11D-8 -91.48 C1-03AA+0 -82.63 C1-21D+8 -76.87
C1-12A-8 -79.78 C1-03AB+0 -79.49 C1-22A+8 -76.09
C1-12B-8 -85.65 C1-03AC+0 -81.99 C1-22B+8 -78.56
C1-12C-8 -86.95 C1-03AD+0 -81.86 C1-22C+8 -76.56
C1-12D-8 -90.17 C1-04A+0 -80.68 C1-22D+8 -77.61
C1-13A-8 -88.10 C1-04B+0 -76.72 C1-23A+8 -76.18
C1-13B-8 -83.54 C1-04C+0 -84.27 C1-23B+8 -76.31
Table 90 Data For the One-way ANOVA for Material Velocity and Gradation Type





C1-10A-8 4,369 01-01A+0 5,153 O1-20A+8 5,052
C l-1 OB-8 4,597 01-01B+0 4,052 O1-20B+8 4,883
01-IOC-8 3,983 01-010+0 4,580 01-200+8 4,681
01-100-8 4,964 01-01D+0 4,764 01-20D+8 4,997
01-11A-8 4,311 01-02A+0 6,571 01-21A+8 4,441
01-1 IB-8 3,585 01-02B+0 4,383 01-21B+8 5,057
01-110-8 5,894 01-020+0 4,113 01-210+8 5,307
01-1 ID-8 5,662 01-03AA+0 4,914 01-21D+8 6,360
01-12A-8 4,677 01-03AB+0 3,673 01-22A+8 5,744
01-12B-8 4,108 O1-03AO+0 4,246 01-22B+8 4,775
01-120-8 3,726 01-03AD+0 4,371 01-220+8 6,162
01-12D-8 4,489 01-04A+0 5,445 01-22 D+8 5,233
01-13A-8 5,934 01-04B+0 5,155 01-23A+8 4,940
01-13B-8 3,953 01-040+0 3,837 01-23B+8 5,248
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Table 91 Data For the One-way ANOVA for CoreLok Specific Gravity and Gradation
Type
Sample ID OoreLok SG -8 (g/cc) Sample ID
CoreLok SG 
+0 (g/cc) Sample ID
OoreLok SG 
+8 (g/cc)
. C1-10A-8 2.364 01-01A+0 2.403 01-20A+8 2.433
C l-1 OB-8 2.379 01-01B+0 2.409 01-20B+8 2.430
01-100-8 2.388 01-010+0 2.391 01-200+8 2.379
C1-10D-8 2.349 01-01D+0 2.399 01-20D+8 2.411
01-11A-8 2.366 01-02A+0 2.433 01-21A+8 2.423
01-1 IB-8 2.369 C l-02 B+0 2.372 01-21B+8 2.427
01-110-8 2.391 01-020+0 2.398 01-210+8 2.412
01-1 ID-8 2.330 01-03AA+0 2.426 01-21D+8 2.413
01-12A-8 2.409 01-03AB+0 2.429 01-22A+8 2.420
01-12B-8 2.373 O1-03AO+0 2.411 01-22B+8 2.396
01-120-8 2.310 01-03AD+0 2.418 01-220+8 2.413
C1-12D-8 2.309 01-04A+0 2.400 01-220+8 2.412
C1-13A-8 2.374 01-04B+0 2.414 01-23A+8 2.405
C1-13B-8 2.361 01-040+0 2.388 C1-23B+8 2.372
Table 92 Data For the One-way ANOVA for APA Rut Depth and Gradation Type
Sample ID APA Rut Depth at 760 -8 (mm) Sample 10
APA Rut Depth 
at 760 +0 
(mm)
Sample 10
APA Rut Depth 
at 760 +8 
(mm)
01-10A-8 0.89 01-01A+0 1.80 C1-20A+8 1.22
01-1 OB-8 0.91 01-01B+0 1.71 O1-20B+8 0.56
01-100-8 1.07 01-010+0 1.85 01-200+8 1.53
01-100-8 1.46 01-010+0 1.69 01-200+8 0.83
01-11A-8 1.35 01-02A+0 2.55 01-21A+8 1.54
01-11B-8 1.91 01-02B+0 1.69 01-21B+8 1.78
01-110-8 3.29 01-020+0 1.96 01-210+8 1.06
01-110-8 1.85 01-03AA+0 1.83 01-210+8 1.70
01-12A-8 1.80 01-03AB+0 2.49 C1-22A+8 1.25
01-12B-8 2.18 O1-03AO+0 2.41 C1-22B+8 1.66
01-120-8 1.42 O1-03AO+0 3.01 01-220+8 1.03
01-12D-8 2.43 01-04A+0 0.84 01-220+8 1.65
01-13A-8 1.93 01-04B+0 0.98 01-23A+8 0.81
01-13B-8 1.95 01-040+0 1.50 C1-23B+8 0.81
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F P-value F crit df
41.14 2.46E-10 3.24 2 Rejected
Material Velocity
F P-value F crit df
2.68 0.08113 3.24 2
CoreLok BSG
F P-value F crit df
20.50 8.21 E-07 3.24 2 Rejected
APA Rut Dep th
F P-value F crit df
5.06 0.011097 3.24 2 Rejected
Table 94 t-Test for Integrated Response and Gradation Type
Design 1
t-test Between Gradations
Integrated Response with Unegual Variances
IRm Grad -8 IRm Grad +0 IRm Grad +8
Mean -85.93 -79.75 -77.35
Variance 12.085 6.299 1.421
Grad -8 to +0 Grad -8 to +8 Grad +0 to +8
df 24 16 19
t Stat -5.39 -8.74 -3.24
P(T<=t) two-tail 1 546E-05 1.73E-07 4.32E-03
t Critical two-tail 2.06 2.12 2.09
Null Hypothesis Rejected Rejected Rejected
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Table 95 t-Test for Material Velocity and Gradation Type
Design 1 1
t-test Between Gradations







Mean 4589 4661 5206
Variance 592680 575972 296864
Grad -8 to +0 Grad -8 to +8 Grad +0 to +8
df 26 26 26
tStat -0.248 -2.445 -2.181
P(T<=t) two-tail 0.80585 0.02158 0.03843
t Critical two-tail 2.06 2.06 2.06
Null Hypothesis Rejected Rejected
Table 96 t-Test for CoreLok Specific Gravity and Gradation Type
Design 1 1
t-test Between Gradations
CoreLok with Unequal Variances
CoreLok CoreLok Grad CoreLok Grad
Grad -8 +0 +8
Mean 2.362 2.407 2.410
Variance 0.000850 0.000287 0.000319
Grad -8 to +0 Grad -8 to +8 Grad +0 to +8
df 21 22 26
t Stat -4.90 -5.25 -0.57
P(T<=t) two-tail 7.52E-05 0.000029 0.57507
t Critical two-tail 2.08 2.07 2.06
Null Hypothesis Rejected Rejected
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Table 97 t-Test for APA Rut Depth and Gradation Type
Design 1
t-test Between Gradations







Mean 1.74 1.88 1.24
Variance 0.4147 0.3496 0.1610
Grad -8 to +0 Grad -8 to +8 Grad +0 to +8
df 26 22 23
tS tat -0.57 2.47 3.32
P(T<=t) two-tail 0.57247 0.02195 0.00300
t Critical two-tail 2.056 2.074 2.069
Null Hypothesis Rejected Rejected
10.4 Level 4 Plotting of All Data for a Trend
This review level will demonstrate the trend of the data from the coarse gradation -8 
to the fine gradation +8 using the plotting of all data points of the Integrated Response 
against the CoreLok specific gravity. Figure 161 clearly demonstrates this trend, which 
confirms what was found in phase I.












y = -0.0003x^ - 0.0517X + 0.4711 ^
R^  = 0.5866 
------------------ ,------------------- ,--------2t3Q-
-94.00 -89.00 -84.00 -79.00 -74.00
IRm (dbs)
A Combined 4  All Data -8 a All Data +0 # All Data +8
Figure 161 Design 1 Plot of All Gradation Data Points for Integrated Response and
CoreLok Specific Gravity
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10.5 Phase II Summary
This phase successfully demonstrated that the ultrasound Integrated Response and 
velocity correlate in most cases with the CoreLok specific gravity with sample sets as 
was the instance in phase I. It was also confirmed that the Integrated Response is a 
discriminator for different gradation types.
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CHAPTER 11
PHASE III REPEATABILITY STUDY USING TWO DESIGNS NOT USED IN PHASE 1
OR 2
The purpose of this phase was to use design numbers 2 and 3 to determine if the 
non-contact procedure is applicable in general to any design. These were fabricated as 
redundancy to prove the application.
The samples were non-contact ultrasound measured and using the NCU Integrated 
Response and calculated HMA velocity measurements were then analyzed with the 
HMA properties of Bulk Specific Gravity. Only the density coefficient graphs are 
displayed to demonstrate the applicability to any material source.
The materials, preparation, testing, and measurements are the same as described in 
Phase I.
11.1 Description of Data Acquired for this Studv
The purpose of this task was to describe the method by which to acquire the data, 
which was essentially the same as in Phase I. There were two components:
- HMA Material Testing
- Ultrasound Measurement
The testing and measurement matrix is given by Table 24.
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Table 98 Specimen Fabrication and Testing Matrix
Design 2 Design 3
Fabrication type Cylinder Cylinder
Binder Type B B







HMA Testing CoreLok BSG CoreLok BSG
11.1.1 Ultrasound Measurement
The ultrasound measurement was acquired from the ultrasound signal via a pulser- 
receiver processor using the Integrated Response (IR) and the calculated material 
ultrasound velocity. This system was described in Phase I and data acquisition similar to 
Phase II.
The scanning was performed manually by turning the sample in 90-degree 
increments on the sample center for each shot. This was discussed in Phase I. Thus, the 
data acquisition for the cylinders was the average of four shots.
11.1.2 Material Velocity
The velocity calculation from the time-of-flight was previously discussed in Phase I. 
The velocity calculation utilized the caliper thickness
11.2 Results and Analvsis
The data collection and tabling is the same as in Phase II. The data is listed in Table 
99 through Table 104 and displayed on Figure 162 through Figure 165. The plot of the 
CoreLok and the Integrated Response has the same trend of coarse to fine gradation 
while the velocity and the CoreLok have no real trend. The density trend as 
demonstrated in Phase II is not the same in these two designs. They appear to be non-
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linear and peak at the gradation +0. There is no explanation for this observed direction,
which would warrant future study.














C2-21A-8 Grad -8 5.79 -83.82 4.631 2.377
C2-22A-8 Grad -8 5.79 -80.16 4,878 2.411 4.80%







-91.53 4.688 2.308 4.00%:;
-79.32 4,443 2.403 5.10%
C2-24B-8 Grad -8 5.79 -83.49 4,984 2.413 5.10%















IC 2-01A +0 Grad +0 5.28 -79.94 7,341 2.399 4.80%  .
C2-02A+0 Grad +0 5.28 -80.84 3,973 2.339 5.10%
C2-02B+0 Grad +0 5.28 -86.74 4,592 2.356 5.10%
iC 2-03A +0 Grad +0 5.28 -83.90 4.779 2.369 6.00%  <
C2-04A+0 Grad +0 5,3195.28 -85.56 2.413 5.70%
C2-04B+0 Grad +0 5.28 -77.78 4,518 2.414 5.70%r C2-05A+0 Grad +0 5.28 -76.87 4,654 2.425 5.40%  Ë
mWRwMWW
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C2-10A+8 Grad +8 4.75 -77.00
"7jr nn ,
4,635 2.376 5 .1 0 9 #
C2-11A+8 Grad +8 4.75 -76.44 4,581 2.381 5.60%
C2-11B+8 Grad +8 4.75 -74.90 4,436 2.387 5.60%
1 C2-12A+8 Grad +8 4.75 -76.71 4.596 2.334 4 .8 0 9 #
C2-13A+8 Grad +8 4.75 -76.47 4,517 2.399 5.30%
C2-13B+8 Grad +8 4.75 -73.97 4,328 2.382 5.30%
! C2-14A+8 Grad +8 4.75 -76.37 4.467 2.412 5 .90% >





















4 .8 9 9 ^
C3-21A-8 Grad -8 5.67 -78.99 4,621 2.396 5.10%
C3-21B-8 Grad -8 5.67 -82.98 4,946 2.382 5.10%
—
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C3-01A+0 Grad +0 4.94 -73.84 5.765 2.371 4.80%  ?
C3-02A+0 Grad +0 4.94 -72.90 5,050 2.391 5.10%
C3-02B+0 Grad +0 4.94 -77.77 7,509 2.381 5.10%
C3-03A+0 Grad +0 4.94 -75.90 4,896 2.409 5.40%  1
C3-04A+0 Grad +0 4.94 -74.25 9,583 2.364 4.50%













4.20%  f 
4.20%  '
Table 104 Design 3 Gradation +8 Data















C3-10A+8 Grad +8 75.34 5.353 2.383
Grad +8C3-11A+8 71.67 4.718 2.370 5.10%
Grad +8C3-11B+8 72.34 2.362 5.10%6.665
0 3 -12A+8 Grad +8 74 49 5 377
C3-13A+8 Grad +8 72.56 5.419 2.344 4.80%
C3-13B+8 Grad +8 74.88 5.890 2.335 4.80%
C3-14A+8 Grad +8 2 32275 11 5,441
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- i l '
y = -O.OOOBx^  - 0.0906X • 
1.1844
-92.00 -87.00













▲ Combined *  All Data -8 B AU Data +0 t AI! Data +8
Figure 162 Design 2 Ai! Data Points Integrated Response and CoreLok Specific Gravity

















3,400 4,400 5,400 6,400 7,400 8,400
Velocity (m/s)
▲ Combined *  Ail Data -8 B All Data +0 •  All Data +8
Figure 163 All Data Points Material Velocity and CoreLok Specific Gravity
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* 2 6 -
-86.0 -81.0 -76.0 -71.0
IRm (dbs)
A Combined # Ail Data +0 ^  AH Data -8 •  Ail Data +8
Figure 164 Design 3 Ai! Data Points Integrated Response and CoreLok Specific Gravity
Design 3 All Gradation Data for Material Velocity and CoreLok
3,000 9,0005,000 7,000
Material Velocity (m/s)
A Combined ■ All Data +0 ♦  All Data -8 •  All Data +8
11,000
Figure 165 All Data Points Material Velocity and CoreLok Specific Gravity
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11.2.1 t-test for Design 2 and 3 for Between gradations
This analysis used the ANOVA and the t-test to check, as was with the Phase I and 
Phase II, for statistical difference for gradation type for the Integrated Response, 
velocity, and CoreLok specific gravity. The data tables for this analysis are from Table 99 
through Table 104. The first analysis is the one-way ANOVA for null hypotheses of:
U  . ^ 2  _  2
' ' O '  and gradation i and gradation j
■ ^ x  and gradation i ^  ^ x  and gradation j
X = measurement type 
i and j = gradation type
The ANOVA analysis for design 2 reveals that the null hypotheses for the Integrated 
Response was rejected while the remainder was not rejected as displayed in Table 111. 
All null hypotheses for Design 3 were rejected (Table 112). Thus, a t-test for design 2 
was conducted for unequal variances for the Integrated Response and for all data in 
design 3. Equal variances were used for the velocity and CoreLok. All null hypotheses of 
were conducted as follows:
^ 0  ■ and gradation i ^ x  and gradation j
• ^ x  and gradation i ^  ^ x  and gradation j
X = measurement type 
i and j = gradation type
The results are located in Table 113 through Table 118. The results did not reveal 
that the Integrated Response would discriminate in all cases as demonstrated in Phase I 
and II. No explanation can be given except the high variability of one-gradation type
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results. Another speculation is that both of the designs are from Northern Nevada with 
similar materials. These may need a different frequency in order to decrease the 
variability of the transmission signal. This needs to be studied in future research.
Table 105 Design 2 Data for ANOVA and t-test of the Integrated Response for Gradation
Type
Sample ID IRm Grad -8 (dbs) Sample ID
IRm Grad +0 
(dbs) Sample ID
IRm Grad +8 
(dbs)
C2-21A-8 -83.82 C2-01A+0 -79.94 C2-10A+8 -77.00
C2-21B-8 -80.56 02-01 B+0 -79.50 C2-10B+8 -75.08
C2-22A-8 -80.16 C2-02A+0 -80.84 C2-11A+8 -76.44
C2-22B-8 -86.38 C2-02B+0 -86.74 C2-11B+8 -74.90
C2-23A-8 -91.53 C2-03A+0 -83.90 C2-12A+8 -76.71
C2-23B-8 -92.33 C2-03B+0 -80.89 C2-12B+8 -78.57
C2-24A-8 -79.32 C2-04A+0 -85.56 C2-13A+8 -76.47
C2-24B-8 -83.49 C2-04B+0 -77.78 C2-13B+8 -73.97
C2-05A+0 -76.87 C2-14A+8 -76.37
C2-05B+0 -76.53 C2-14B+8 -79.45
Table 106 Design 2 Data for ANOVA and t-test of the Material Velocity and Gradation 
Type (data C2-24A-8 was an error and not used)





C2-21A-8 4,631 C2-01A+0 7,341 C2-10A+8 4,635
C2-21B-8 3,731 C2-01B+0 4,380 C2-10B+8 4,312
C2-22A-8 4,878 C2-02A+0 3,973 C2-11A+8 4,581
C2-22B-8 4,462 C2-02B+0 4,592 C2-11 B+8 4,436
C2-23A-8 4,688 C2-03A+0 4,779 C2-12A+8 4,596
C2-23B-8 4,034 C2-03B+0 4,501 G2-12B+8 5,549
C2-24A-8 C2-04A+0 5,319 C2-13A+8 4,517
C2-24B-8 4,984 C2-04B+0 4,518 C2-13B+8 4,328
C2-05A+0 4,654 C2-14A+8 4,467
C2-05B+0 6,204 C2-14B+8 4,536
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Table 107 Design 2 Data for ANOVA and t-test of the Material Velocity and Gradation
Type





C2-21A-8 2.377 C2-01A+0 2.399 C2-10A+8 2.376
C2-21B-8 2.357 02-01 B+0 2.365 C2-10B+8 2.377
C2-22A-8 2.411 C2-02A+0 2.339 C2-11A+8 2.381
C2-22B-8 2.351 C2-02B+0 2.356 C2-11B+8 2.387
C2-23A-8 2.308 C2-03A+0 2.369 C2-12A+8 2.334
C2-23B-8 2.279 C2-03B+0 2.425 C2-12B+8 2.370
C2-24A-8 2.403 C2-04A+0 2.413 C2-13A+8 2.399
C2-24B-8 2.413 C2-04B+0 2.414 C2-13B+8 2.382
C2-05A+0 2.425 C2-14A+8 2.412
C2-05B+0 2.428 C2-14B+8 2.392
Table 108 Design 3 Data for ANOVA and t-test of the Integrated Response for Gradation
Type
Sample ID IRm Grad -8 (dbs) Sample ID
IRm Grad +0 
(dbs) Sample ID
IRm Grad +8 
(dbs)
C3-20A-8 -80.90 C3-01A+0 -73.84 C3-10A+8 -75.34
C3-20B-8 -77.21 C3-01B+0 -73.44 C3-10B+8 -74.25
C3-21A-8 -78.99 C3-02A+0 -72.90 C3-11A+8 -71.67
C3-21B-8 -82.98 C3-02B+0 -77.77 C3-11B+8 -72.34
C3-22A-8 -82.87 C3-03A+0 -75.90 C3-12A+8 -74.49
C3-22B-8 -79.63 C3-03B+0 -77.41 C3-12B+8 -76.28
C3-23A-8 -79.20 C3-04A+0 -74.25 C3-13A+8 -72.56
C3-23B-8 -80.41 C3-04B+0 -75.15 03-13B+8 -74.88
C3-24A-8 -85.05 C3-05A+0 -74.45 C3-14A+8 -75.11
C3-24B-8 -80.86 C3-05B+0 -72.36 C3-14B+8 -74.28
Table 109 Design 3 Data for ANOVA and t-test of the Material Velocity for Gradation
Type





C3-20A-8 3,828 C3-01A+0 5.765 03-1OA+8 5,353
C3-20B-8 3,575 03-01 B+0 4,459 03-1OB+8 7,710
C3-21A-8 4,621 C3-02A+0 5,050 03-11A+8 4,718
C3-21B-8 4,946 C3-02B+0 7,509 03-11 B+8 6,665
C3-22A-8 3,477 C3-03A+0 4,896 03-12A+8 5,377
C3-22B-8 5,011 C3-03B+0 3,714 03-12B+8 5,517
C3-23A-8 4,003 C3-04A+0 9,583 03-13A+8 5,419
C3-23B-8 3,506 C3-04B+0 6,926 03-13B+8 5,890
C3-24A-8 3,630 C3-05A+0 4,865 03-14A+8 5,441
C3-24B-8 4,185 C3-05B+0 5,282 03-14B+8 9,559
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Table 110 Design 3 Data for ANOVA and t-test of the Material Velocity for Gradation
Type





C3-20A-8 2.346 C3-01A+0 2.371 C3-10A+8 2.383
C3-20B-8 2.355 03-01 B+0 2.364 C3-10B+8 2.362
C3-21A-8 2.396 C3-02A+0 2.391 C3-11A+8 2.370
C3-21B-8 2.382 C3-02B+0 2.381 C3-11B+8 2.362
C3-22A-8 2.390 C3-03A+0 2.409 C3-12A+8 2.361
C3-22B-8 2.370 C3-03B+0 2.405 C3-12B+8 2.360
C3-23A-8 2.318 C3-04A+0 2.364 C3-13A+8 2.344
C3-23B-8 2.315 C3-04B+0 2.373 C3-13B+8 2.335
C3-24A-8 2.294 C3-05A+0 2.383 C3-14A+8 2.322
C3-24B-8 2.278 G3-05B+0 2.366 C3-14B+8 2.302




F P-value F crit df
12.05 0.0002 3.39 2 Rejected
Material Velocity
F P-value F crit df
1.52 0.2396 3.40 2 Not
CoreLok BSG
F P-value F crit df
1.75 0.1950 3.39 2




F P-value F crit df
6.80 0.0041 3.35 2 Rejected
Material Velocity
F P-value F crit df
6.80 0.0041 3.35 2 Rejected
CoreLok BSG
F P-value F crit df
4.39 0.0224 3.35 2 Rejected
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Table 113 Design 2 t-test for Integrates Response and Gradation Type
Design 2
t-test Between Gradations
Integrated Response with Unequal Variances
IRm Grad -,8 IRm Grad +0 IRm Grad +8
Mean -84.70 -80.86 -76.50
Variance 25.224 12.535 2.703
Grad -8 to +0 Grad -8 to +8 Grad +0 to +8
df 12 8 13
tS tat -1.83 -4.43 -3.53
P(T<=t) two-tail 9.213E-02 2.19E-03 3.68E-03
t Critical two-tail 2.18 2.31 2.16
Null Hypothesis N ct^ ifec ted Rejected Rejected
Table 114 Design 2 t-test for Material Velocity and Gradation Type
Design 2
t-test Between Gradations







Mean 4487 5026 4596
Variance 206325 1031257 123785
Grad -8 to +0 Grad -8 to +8 Grad +0 to +8
df 15 15 18
tS tat -1.307 -0.558 1.266
P(T<=t) two-tail 0.21097 0.58490 0.22156
t Critical two-tail 2.13 2.13 2.10
Null Hypothesis Not Reiected Not Reiected Not Reiected
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Table 115 Design 2 t-test for CoreLok Specific Gravity and Gradation Type
Design 2 1
t-test Between Gradations







Mean 2.362 2.393 2.381
Variance 0.002393 0.001081 0.000425
Grad -8 to +0 Grad -8 to +8 Grad +0 to +8
df 16 16 18
tStat -1.60 -1.10 0.98
P(T<=t) two-tail 0.129995 0.286427 0.339470
t Critical two-tail 2.12 2.12 2.10
Null Hypothesis
Table 116 Design 3 t-test for Integrated Response and Gradation Type
Design 3
t-test Between Gradations
Integrated Response with Uneq ual Variances
IRm Grad -8 IRm Grad +0 IRm Grad +8
Mean -80.81 -74.75 -74.12
Variance 5.258 3.304 2.168
Grad -8 to +0 Grad -8 to +8 Grad +0 to +8
df 17 15 17
tS ta t -6.55 -7.76 -0.85
P(T<=t) two-tail 4.927E-06 1.25E-06 0.409
t Critical two-tail 2.11 2.13 2.11
Null Hypothesis Reiected Rejected Not Reiected
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Table 117 Design 3 t-test for Material Velocity and Gradation Type
Design 3
t-test Between Gradations
Velocity with Unequal Variances






Mean 4078 5805 6165
Variance 348762 3018836 2123132
Grad -8 to +0 Grad -8 to +8 Grad +0 to +8
df 11 12 17
tS ta t -2.975 -4.197 -0.502
P(T<=t) two-tail 0.012624 0.00124 0.62209
t Critical two-tail 2.20 2.18 2.11
Null Hypothesis Reiected Rejected Not Rejected
Table 118 Design 3 t-test for CoreLok Specific Gravity and Gradation Type
Design 3
t-test Between Gradations
CoreLok with Unequal Variances






Mean 2.344 2.381 2.350
Variance 0 001729 0.000269 0.000600
Grad -8 to +0 Grad -8 to +8 Grad +0 to +8
df 12 15 16
t Stat -2.57 -0.38 3.27
P(T<=t) two-tail 2.47E-02 0.708626 0,00482
t Critical two-tail 2.18 2.13 2.12
Null Hypothesis Rejected ||N ot R e jecte# Rejected
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CHAPTER 12
RESEARCH CONCLUSION
The quality control of the production of asphalt concrete and the subsequent 
placement for roadway pavement requires the extensive use of laboratory and field- 
testing. An important aspect to road construction is the contractor quality control (QC) 
and owner quality assurance (QA) and the QA/QC testing of asphalt concrete 
production, which is a time consuming and costly process.
Problem Statement: There is a need for a rapid non-destructive test to determine a 
pass-fail for the production and placement of asphalt concrete material.
Research Purpose: The purpose of this research is to answer the question: Is it 
feasible to use non-contact ultrasound technology to measure material characteristics of 
hotmix asphalt (HMA)?
The use of non-destructive testing (NOT) with the non-contact ultrasound was 
explored in order to reduce the testing time. Four different asphalt concrete mix designs 
were fabricated from four different aggregate sources with varied gradation and asphalt 
cement. The comparisons of the sample sets were discerned with use of two signal 
properties. Integrated Response (IR) against the tested material property of specific 
gravity and a performance value of the Asphalt Pavement Analyzer rut test.
The research was performed in three phases. The first phase was to determine the 
type of system, the sensitivity of the ultrasound system, and its parameters. The second 
phase was to see if the ultrasound measurement of attenuation and material sound 
wave velocity could correlate to the HMA material property of specific gravity and the
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HMA performance rut depth value using an Asphalt Pavement Analyzer (APA). The 
third phase was to see if the procedure would work in two other designs to demonstrate 
that the process was reliable.
It was demonstrated that the ultrasound integrated response and the material 
velocity does relate to the bulk specific gravity average of all data sets within the 
gradation type or with the use of individual HMA replicate sample sets.
12.1 Phase I Available Ultrasound Svstems and Sensitivity Studv Summarv
The purpose of this phase was to first determine what type of transducer would 
accomplish the research objective. Next, the transducer and pulser-receiver system 
needed to be checked to see if varying any of the system parameters within a population 
of samples would create errors. In other words, if adjustments were made to the 
measuring parameters with a mix design population, would it affect the comparing of 
results with respect to each other? Another aspect was which type of scanning method 
was the best for the correlation of the ultrasound measurements against the HMA 
material properties.
12.1.1 Phase I Selection of the Non-contact Transducer
The purpose of this task was to contact the sole source vendor and perform a trial 
test with a non-contact system that made it possible to test the highly attenuated HMA 
material. This involved exploratory ultrasound measurements and a field trip to the 
vendor laboratory for discussion with and training in the use of the new transducer and 
processing equipment.
It was found that the ultrasound signal using a low frequency GMP transducer with a 
center frequency of 121kHz could effectively pass through a 75mm thick HMA sample. 
The Integrated Response values were significantly different between each material type.
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12.1.2 Phase I Sensitivity Studv of the NCU system and Data Acquisition Process 
The purpose of this task was to explore the use of the transducer for the HMA 
application relative to atmosphere environmental conditions, different ultrasound system 
parameters, and scanning modes. As a reminder, the various ultrasound parameter 
modes are described in Table 119.
Table 119 Ultrasound Parameter Mode Descriptions
Mode Number
1 2 3 4 5
Position B B B
A t o C
scan





121 121 121 116 121
Bandwidth
KHz
36 36 36 18 36
Chirp Choke 
A/ B%
20/50 20/50 20/50 35/10 36/65
Amplitude % 50 50 90 80 80
Signal Input Short Normal Normal Normal Normal
Signal 
Duration ps
650 650 650 650 1200
The system parameter sensitivity study results are given as are follows:
12.1.2.1(a) Summary fo r Best Signal Average
The signal averaging allows for the adjustment of the quantity of shots accumulated 
before averaging as a record. Higher quantities of signals for averaging will generate 
lower standard deviations. The results are as follows:
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The use of a signal average of 1,10,  20, or 30 was acceptable 
The signal average selected was 20 per shot 
12.1.2. Kb) Summary for A ir Gao Distance
The transducer air gap is that distance between the transducer and the HMA sample. 
There was a question if the full air gap that is used in the equation for the determination 
of the attenuation is the same value as the actual (minimum) air gap between the 
transducers and the sample.
The result was that all amplitude settings will need an equation to correct for air gap 
distance
12.1.2.1(c) Summarv fo r Bandwidth. Pulse Duration and Beam Transducer Position 
The purpose of this sensitivity study was to check for the effect of the change in the 
bandwidth and pulse duration. The bandwidth is the range of frequencies and the pulse 
duration is the time that the signal transmission is active. The results were:
The best single shot position was set near the position B (middle of beam).
The bandwidth cannot to be changed within a mix design sample population.
The pulse duration cannot to be varied within a mix design sample population.
12.1.2.1(d) Summarv fo r Amplitude
The amplitude is the amount of power that is applied to the signal to pass through a 
material with the measurement on the pulser-receiver being the percent of the maximum 
output. The purpose of this study was to see if varying the amplitude within a design 
would significantly impact the results.
The result was that the amplitude setting must be consistent for any given HMA mix 
design population.
12.1.2.1(e) Summarv fo r S ignal Input
The signal input allows for the adjustment of the speed of the processing in order to 
decrease the processing time. The shorter the input setting, the pulser-receiver will
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sample less data, which results in less signal resolution. There are three levels of input; 
short, normal, and long. The short input is better applied for the coarse grained 
materials due to refraction.
The result was that the short and normal input could be interchanged.
12.1.2.1(f) Sum marv fo r Hum idity Correction
During the course of the testing and late in the program, it was discovered that the 
humidity affects the chirp signature; the Gaussian shape. This issue was not found in 
the literature. The tuning of the chirp at a particular frequency is needed to approximate 
the Gaussian (bell) shape on the pulser-receiver screen.
The result was that a humidity correction was needed for the IR value. This 
correction was relative to the environmental condition of the HMA sample population for 
this research only; no absolute correction was established.
12.2 Scanning Sensitivitv
The purpose of this task was to decide the best way to place the transducer to 
physically acquire the data. The transducer can be fixed in place for a single shot or it 
can be moved manually or automatically to scan may different locations of the same 
HMA material.
12.2.1 Summarv for Center Position Modes 1, 2 and 3
The previous tasks had the emphasis on the sensitivity of the ultrasound system 
parameters. The purpose of this section was the focus on the particular method of 
positioning the transducer. A comparison was also made using the single fixed positions 
and signal parameter changes. The results were:
The use of the short and normal input setting can be applied within the same mix 
design population which agrees with the previous study.
The signal amplitude must remain the same within the mix design population.
231
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The velocity derived from the time-of-flight is not affected by the NCU parameter 
settings.
12.2.2 Summarv for Full Sample Scan Modes 4 and 5
This study utilized the scan table in order to capture all of the material to incorporate 
the variability of the sample, which is in contrast to the previous, which only used a 
single center position. The full beam scans were compared to each other for modes 4 
and 5 then they were compared to the previous center shot modes 1, 2, and 3. The 
results were:
The best testing method is to set the parameters and not deviate from it within a mix 
design population.
There was no difference between the unfiltered and filtered full scan data for modes 
4 and 5.
The IRm results demonstrate that all data comparisons are rejected with exception of 
mode 1 compared to 5, and mode 2 compared to 5 which cannot be explained.
For the velocity, all comparisons with mode number 4 were rejected while comparing 
modes 1, 2, and 3 against mode 5 were not rejected.
12.2.3 Best mode for IR versus material properties
The previous subtask analyzed the non-contact ultrasound modes to see if they were 
similar to each other with respect to the ultrasound measurement. This subtask 
analyzes the mode testing versus the material property of Bulk Specific gravity. This 
would check to see which scanning technique, the single fixed position or the full beam 
scan, would be the most effective.
In order to determine a preferred mode to use for the correlation of the material 
characteristics, simple linear regression was performed due to the linear propensity of 
the relationship in other materials (Bhardwaj, M.C. (e)).
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Linear regression was performed at three different levels of data. The levels were 
analyzed with the IR or material velocity versus the CoreLok or SSD Bulk Specific 
Gravity.
12.2.3.1 Level 1: Regression o f a ll o f the data points
A linear regression of all of the data values for the IRm and both the CoreLok and 
SSD bulk specific gravity was conducted for each mode. There is a very low correlation 
of all of the data sets factored together.
12.2.3.2 Level 2: Regression o f the average o f each data point set
The replicate data sets were averaged then linearly regressed. There was virtually 
no change in the R-square for the correlation.
12.2.3.3 Level 3: Regression o f the average o f the gradation type using the average o f 
a ll data points within a gradation tvoe -8. +0. and +8
All of the data within each gradation type -8, +0, and +8 were averaged then plotted. 
There was a dramatic improvement in correlation. The linear regression for the IR is a 
virtual tie between Modes 2, 4 and 5 for the CoreLok density. While for the regression of 
the velocity, Modes 4 and 5 are favored. An unexpected and unexplained correlation 
occurred with respect to the velocity and the SSD Bulk Specific Gravity in Modes 1, 2 
and 3. In addition, there was a high correlation of the rut values to the IRm for modes 2, 
3, and 5 and the material velocity for mode 5.
12.2.3.4 Levai 4: Regression within each HMA replicate sample set
This level checked each HMA sample replicate data set against the IR and velocity. 
Each data set was tabulated and there is much more agreement in correlation within 
each HMA sample data set for the IR and the velocity as compared to the entire 
population.
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12.2.3.5 Level 5: One-way ANOVA between gradations -8. +0. and +8
The purpose of this level was to see if there was a discernable difference between 
gradations for the Integrated Response, material velocity, CoreLok specific gravity, the 
SSD specific gravity, and the rut depth by using the t-test.
The t-test outcome was that the null hypotheses for Integrated Response were all 
rejected and the APA Rut Depth rejected for only gradation +8 compared to gradation 
+0. The other comparisons were not rejected. The outcome is that the only real 
discriminator between the gradation types is the Integrated Response.
12.3 Phase II Detection of Densitv Change Summarv
The purpose of this phase was to determine if a density change can be detected for 
one sample point. In phase I, the correlation of data within replicate points was possible, 
however, it is by chance, not intentional. Thus, this phase will purposely compact the 
same mix type with four different compaction efforts. In other words, the aggregate and 
binder ratio will be the same for four points and the only change will be the sample 
volume, which is directly related to the air voids
Even with some outliers, it was clear that there was a high correlation of most 
replicate sets in either the IRm versus the CoreLok specific gravity or the material 
velocity with the CoreLok specific gravity. The trend was that as the density increases, 
which is the decrease of the air void content, the Integrated Response increases. With 
respect to the material velocity, there is not a clear trend. Thus, a general trend graph 
for the Integrated Response can be displayed as shown in Figure 151 demonstrating 
that as the CoreLok bulk specific gravity increases so does the Integrated Response, 
which would be directly related to the air void volume
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Figure 166 Trend Graph for CoreLok Bulk Specific Gravity and 
Integrated Response for Air Void Change
12.4 Phase III Repeatability Study using two designs not used in Phase I or 2 Summarv 
The purpose of this phase was to use what was discovered in Phase I and apply the 
NCU system parameters to other designs to assure that this technique could be applied 
across many material types. The samples were ultrasound measured and using the 
NCU Integrated Response and calculated HMA velocity measurements were then 
analyzed with the HMA properties of Bulk Specific Gravity and rutting.
The plot of the CoreLok and the Integrated Response has the same trend of coarse 
to fine gradation while the velocity and the CoreLok have no real trend. The density 
trend as demonstrated in Phase II is not the same in these two designs. They appear to 
be non-linear and peak at the gradation +0. There is no explanation for this observed 
direction, which would warrant future study.
12.4.1 t-test for Design 2 and 3 for Between gradations
This level will use the t-test to check, as was with the Phase I and Phase II, for 
statistical difference between the Integrated Response and the gradation type.
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The results did not reveal that the Integrated Response would discriminate in all 
cases as revealed in Phase I and II. No explanation can be given except the high 
variability of one-gradation type results. Another speculation is that the both design 2 
and 3 are from Northern Nevada with similar materials. These may need a different 
frequency in order to decrease the variability of the transmission signal. This needs to 
be studied in further research.
12.5 Future Work
The focus of this research was only on the correlation of the material property of 
specific gravity to the Integrated Response. In that the result was positive, this opens the 
door for the future for the use in detecting other material properties and also for practical 
application in construction pavement installation quality control and condition inspection.
Some ideas are as follows:
Need to establish the laboratory protocols to create à design and field-testing target 
band. This research used arbitrary variation in the mix design for a comparison of 
measurements. The actual mix design specification is much narrower. The development 
of a target for the design could then be applied to a field project studies for a pass/fail 
criteria.
Need to compare the same design material fabricated in the laboratory gyratory 
compactor against samples that are collected from field placement. This would quantify 
the measurement variability and also bias between the two locations. Along with this is 
the need to establish a field test strip protocol that would determine the target values for 
a project.
The asphalt cement material source needs to be variable within a design set to see if 
the ultrasound can detect this change.
Establish if a pulse-echo transmission which could be correlated to the laboratory 
samples then applied to the field placement without the use of cores.
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Apply other performance and conventional testing material property characteristics
versus the Ultrasound Integrated Response and/or material velocity for correlation.
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APPENDIX I
MIX DESIGN MATERIAL PROPERTIES
Table A 1 - Design 1 Gradation -8 Cylinder Saturated Surface Dry HMA Bulk Specific


















P1-10A 3,244.3 1,899.7 3,250.3 26.2 2.405
P1-10B 3,229.3 1,900.3 3,240.3 24.0 2.423
P1-10C 3,236.6 1,905.5 3,241.6 25.9 2.424
P1-10D 3,210.2 1,871.7 3,219.7 26.2 2.391
P1-11A 3,214.9 1,884.5 3,219.1 26.3 2.409
P1-11B 3,219.2 1,885.4 3,223.4 23.9 2.407
P1-11C 3,226.5 1,899.3 3,228.8 25.3 2.424
P1-11D 3,216.3 1,873.5 3,221.0 24.8 2.388
P1-12A 3,290.6 1,944.4 3,293.3 24.4 2.438
P1-12B 3,252.8 1,912.4 3,257.2 23.9 2.420
P1-12C 3,243.4 1,880.7 3,254.3 24.9 2.373
P1-12D 3,236.7 1,879.6 3,244.2 24.3 2.378
P1-13A 3,302.1 1,937.1 3,305.9 24.9 2.412
P1-13B . 3,297.7 1,935.2 3,302.6 25.8 2.413
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P1-10A 28.5 3,243.1 3,271.6 1,865.7 3,242.9 25.0 2.364
P1-10B 28.6 3,227.6 3,255.9 1,865.3 3,227.4 25.0 2.379
P1-10C 28.9 3,235.8 3,264.5 1,874.9 3,235.7 25.0 2.388
P1-10D 28.7 3,209.5 3,237.9 1,837.3 3,209.4 25.0 2.349
P1-11A 29.0 3,214.7 3,243.3 1,850.3 3,214.6 25.0 2.366
P1-11B 28.9 3,218.8 3,247.8 1,854.5 3,218.8 25.0 2.369
P1-11C 28.7 3,226.2 3,254.9 1,871.4 3,226.2 25.0 2.391
P1-11D 29.0 3,215.9 3,244.7 1,830.4 3,215.9 25.0 2.330
P1-12A 28.7 3,290.3 3,318.9 1,918.8 3,290.1 25.0 2.409
P1-12B 28.8 3,252.4 3,281.1 1,876.1 3,252.5 25.0 2.373
P1-12C 28.9 3,242.6 3,271.3 1,833.7 3,242.7 25.0 2.310
P1-12D 28.6 3,236.8 3,265.2 1,829.6 3,236.8 25.0 2.309
P1-13A 28.7 3,301.7 3,330.2 1,905.3 3,301.5 24.8 2.374
P1-13B 28.7 3,297.3 3,325.9 1,895.0 3,297.4 24.7 2.361
Table A 3 - Design 1 Gradation -8 Maximum Theoretical Specific Gravity Data
PI-10 PI-11 PI-12 PI-13
Temp C 25.0 25.0 25.0 25.0
A Mass Dry Sample 2,833.6 2,617.4 2,690.2 2,668.1
D Mass Bowl with water at 25 C 7,353.0 7,353.0 7,353.0 7,353.0
E
Mass bowl and 
sample with 
water
9,048.2 8,911.7 8,971.2 8,946.3
Max Specific 




2.482 2.465 2.502 2.475
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Table A 4 - Design 1 Gradation -8 Aggregate Bulk Specific Gravities
Bin % 31 39 11 19
Bin 1 Bin 2 Bin 3 Bin 4
3/4 rock 112 rock crusher fines airseparator
+#8 2.632 2.649 2.625 2.621
-#8 2.632 2.649 2.613 2.610
-200 2.720 2.740 2.692 2.689
Combined 2.633 2.650 2.626 2.621
Table A 5 - Design 1 Gradation -8 Aggregate Apparent Specific Gravities
31 39 11 19
Bin 1 Bin 2 Bin 3 Bin 4
3/4 rock 1/2 rock crusherfines
air
separator
+#8 2.705 2.727 2.714 2.761
-#8 2.705 2.727 2.709 2.701
-200 2.720 2.740 2.692 2.689
Combined 2.705 2.727 2.708 2.716
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Table A 6 - Design 1 Gradation +0 Cylinder Saturated Surface Dry HMA Bulk Specific


















C1-01A 3,203.0 1,888.5 3,206.6 25.8 2.429
C1-01B 3,217.7 1,900.4 3,221.7 24.0 2.436
C1-01C 3,191.7 1,881.0 3,197.3 24.7 2.428
C1-01D 3,202.6 1,888.3 3,206.4 26.4 2.429
C1-02A 3,193.5 1,893.5 3,194.5 25.1 2.449
C1-02B 3,206.2 1,871.7 3,209.3 24.1 2.396
01-020 3,231.7 1,902.9 3,235.0 26.1 2.424
O1-02D 3,223.0 1,882.7 3,227.4 24.5 2.398
O1-03AA 3,226.6 1,908.1 3,227.4 25.2 2.440
O1-03AB 3,242.8 1,919.0 3,243.7 23.9 2.443
O1-03AO 3,252.8 1,921.4 3,255.1 25.0 2.436
O1-03AD 3,247.8 1,922.6 3,250.3 26.0 2.443
O1-04A 3,305.8 1,953.7 3,312.4 26.4 2.437
O1-04B 3,323.3 1,964.6 3,327.5 25.4 2.438
01-040 3,319.2 1,962.5 3,327.7 25.3 2.439
O1-04D 3,331.0 1,962.9 3,336.0 24.9 2.428
01-05A 3,253.0 1,926.6 3,254.2 24.8 2.445
01-05B 3,216.6 1,886.7 3,219.8 26.0 2.411
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C1-01A 51.2 3,203.1 3,254.3 1,857.0 3,203.2 23.9 2.403
C1-01B 29.3 3,217.4 3,246.6 1,875.9 3,217.4 23.8 2.409
C1-01C 28.7 3,191.9 3,220.6 1,850.7 3,191.8 23.8 2.391
C1-01D 29.0 3,202.7 3,231.5 1,861.5 3,202.6 23.7 2.399
C1-02 A 28.7 3,193.4 3,222.0 1,874.8 3,193.3 23.8 2.433
C1-02B 28.7 3,207.8 3,236.5 1,849.7 3,207.8 23.9 2.372
01-020 28.5 3,231.8 3,260.3 1,878.0 3,231.8 23.7 2.398
01-02D 28.6 3,223.0 3,251.5 1,855.8 3,222.9 23.9 2.368
O1-03AA 28.9 3,226.3 3,255.1 1,890.7 3,226.3 25.3 2.426
O1-03AB 28.9 3,242.5 3,271.4 1,901.8 3,242.5 25.3 2.429
O1-03AO 28.8 3,252.6 3,281.5 1,897.8 3,252.6 25.3 2.411
01-03 AD 28.9 3,247.8 3,276.7 1,899.2 3,247.8 25.3 2.418
O1-04A 28.9 3,306.3 3,335.2 1,923.1 3,306.3 25.3 2.400
O1-04B 28.6 3,323.3 3,351.8 1,941.1 3,323.3 25.3 2.414
01-040 28.8 3,319.3 3,348.0 1,924.0 3,319.3 25.3 2.388
O1-04D 28.6 3,310.0 3,359.0 1,929.9 3,330.6 25.3 2.384
O1-05A 29.1 3,253.1 3,282.1 1,908.7 3,253.1 25.0 2.430
O1-05B 29.2 3,216.3 3,245.3 1,860.8 3,216.1 24.9 2.383
Table A 8 - Design 1 Gradation +0 Maximum Theoretical Specific Gravity Data
C1-01 C l-02 01-03 01-03 A 01-04 01-05
Temp C 25.0 25.0 25.0 25.0 25.0 25.0
A Mass Dry Sample 2,919.4 2,514.6 2,862.2 2,773.4 2,706.1 2,547.0
D
Mass Bowl 
with water at 
25 C





9,097.9 8,856.0 9,059.6 9,003.3 8,976.0 8,877.6
Max Specific 




2.478 2.479 2.470 2.462 2.491 2.484
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Table A 9 - Design 1 Gradation +0 Aggregate Bulk Specific Gravities
Bin 1 Bin 2 Bin 3 Bin 4
Bin % 25 33 18 24
3/4 rock 1/2 rock crusherfines
air
separator
+#8 2.632 2.649 2.625 2.621
-#8 2.632 2.649 2.613 2.610
-200 2.720 2.740 2.692 2.689
Combined 2.633 2.650 2.626 2.621
Bulk SG 2.634
Table A 10 - Design 1 Gradation +0 Aggregate Apparent Specific Gravities
Bin 1 Bin 2 Bin 3 Bin 4
% 25 33 18 24
3/4 rock 1/2 rock crusherfines
air
separator
+#8 2.705 2.727 2.714 2.761
-#8 2.705 2.727 2.709 2.701
-200 2.720 2.740 2.692 2.689
Combined 2.705 2727 2.708 2.716
Apparent SG 2.716
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Table A 11 - Design 1 Gradation +8 Cylinder Saturated Surface Dry HMA Bulk Specific


















C1-20A 3,319.2 1,962.5 3,327.7 25.3 2.439
C1-20B 3,226.3 1,911.1 3,226.7 23.8 2.447
C1-20C 3,210.4 1,875.9 3,212.3 25.2 2.398
C1-20D 3,238.5 1,908.3 3,240.3 25.8 2.427
C1-21A 3,254.4 1,924.7 3,255.8 25.1 2.440
01-21B 3,211.8 1,901.7 3,213.1 23.8 2.445
01-210 3,281.8 1,935.6 3,283.7 25.2 2.431
01-21D 3,239.5 1,913.2 3,242.1 24.5 2.436
01-22A 3,277.9 1,938.9 3,281.3 24.6 2.441
01-22B 3,250.2 1,908.4 3,253.0 23.8 2.416
01-220 3,258.9 1,922.3 3,261.3 25.0 2.431
01-22D 3,257.2 1,922.1 3,261.1 25.3 2.432
Table A 12 - Design 1 Gradation +8 Cylinder CoreLok HMA Bulk Specific Gravity 



























O1-20A 29.2 3,213.0 3,242.3 1,886.3 3,213.1 24.4 2.433
01-20B 28.9 3,226.3 3,255.2 1,892.6 3,226.3 24.5 2.430
01-200 29.1 3,210.3 3,239.2 1,854.7 3,210.2 24.5 2.379
O1-20D 29.2 3,238.4 3,267.4 1,889.2 3,238.4 24.4 2.411
01-21A 28.7 3,253.8 3,282.4 1,905.0 3,253.7 25.0 2.423
01-21B 28.7 3,211.4 3,240.3 1,882.5 3,211.4 25.0 2.427
01-210 28.8 3,281.5 3,310.3 1,915.2 3,281.4 25.0 2.412
01-21D 28.9 3,239.3 3,268.2 1,891.0 3,239.3 25.0 2.413
01-22 A 28.9 3,277.8 3,306.6 1,917.4 3,277.8 25.0 2.420
01-22B 28.8 3,249.9 3,278.7 1,887.7 3,249.9 25.0 2.396
01-220 28.9 3,258.7 3,287.5 1,902.6 3,258.7 25.0 2.413
01-22D 28.6 3,256.9 3,285.6 1,900.7 3,256.9 25.0 2.412
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Table A 13 - Design 1 Gradation +8 Maximum Theoretical Specific Gravity Data
C1-20 C l-21 C l-22 C l-23
Temp C 25.0 25.0 25.0 25.0
A Mass Dry Sample 2,922.0 2,936.3 2,980.9 2,597.5
D Mass Bowl with water at 25 C 7,353.0 7,353.0 7,353.0 7,353.0
E
Mass bowl and 
sample with 
water
9,099.2 9,109.3 9,144.1 8,905.8
Max Specific 




2.478 2.481 2.498 2.479
Table A 14 - Design 1 Gradation +8 Aggregate Bulk Specific Gravities
Bln 1 Bin 2 Bin 3 Bin 4
Bin % 20 27 23 30
3/4 rock 1/2 rock crusherfines
air
separator
+#8 2.632 2.649 2.625 2.621
-#8 2.632 2.649 2.613 2.610
-200 2.720 2.740 2.692 2.689
Combined 2.633 2.650 2.626 2.621
Bulk SG 2.632
Table A 15 - Design 1 Gradation +8 Aggregate Apparent Specific Gravities
20 27 23 30
Bin 1 Bin 2 Bin 3 Bin 4
3/4 rock 1/2 rock crusherfines
air
separator
+#8 2.705 2.727 2.714 2.761
-#8 2.705 2.727 2.709 2.701
-200 2.720 2.740 2.692 2.689
Combined 2 .705 2.727 2.708 2 .716
Apparent SG 2.71498
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Table A  16 - Design 2 Gradation -6 Cylinder CoreLok HMA Bulk Specific Gravity





























P2-21A 29.0 3,310.0 3,338.9 1,911.9 3,310.1 25.0 2.377
P2-21B 29.4 3,367.3 3,396.7 1,933.8 3,368.0 25.0 2.357
P2-22A 29.7 3,267.4 3,297.3 1,906.1 3,267.5 23.3 2.412
P2-22B 29.7 3,260.5 3,290.5 1,868.3 3,260.9 23.5 2.352
P2-23A 29.5 3,426.1 3,455.2 1,936.2 3,425.9 24.2 2.309
P2-23B 29.4 3,402.2 3,431.5 1,904.0 3,402.4 24.1 2.279
P2-24A 29.2 3,195.6 3,224.7 1,859.8 3,195.5 24.8 2.403
P2-24B 29.2 3,252.5 3,281.5 1,898.9 3,252.6 24.3 2.413
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Table A 18 - Design 2 Gradation +0 Cylinder CoreLok HMA Bulk Specific Gravity





























P2-01A 29.1 3,295.9 3,324.9 1,916.3 3,296.0 25.2 2.399
P2-01B 28.9 3,301.7 3,330.3 1,899.7 3,301.5 25.1 2.365
P2-02A 29.0 3,334.6 3,363.6 1,903.4 3,334.6 25.0 2.339
P2-02B 29.4 3,322.7 3,351.9 1,906.6 3,322.6 24.9 2.356
P2-03A 29.2 3,312.6 3,341.8 1,908.6 3,312.4 25.1 2.369
P2-03B 29.2 3,327.0 3,356.1 1,949.0 3,326.8 25.2 2.425
P2-04A 29.1 3,349.7 3,378.7 1,955.7 3,349.7 24.8 2.413
P2-04B 29.1 3,382.9 3,411.9 1,975.9 3,382.8 25.0 2.414
P2-05A 29.3 3,296.7 3,325.8 1,931.2 3,296.7 24.9 2.425
P2-05B 29.0 3,356.0 3,385.0 1,967.7 3,355.9 24.9 2.428
Table A 19 - Design 2 Gradation +0 Maximum Theoretical Specific Gravity Data
P2-01 P2-02 P2-03 P2-04 P2-05
Temp C 25.3 25.3 25.0 25.2 25.2
A Mass Dry Sample 2,715.1 2,514.2 2,479.9 2,570.8 2,502.8
D Mass Bowl with water at 25 0 7,353.0 7,353.0 7,353.0 7,353.0 7,353.0
E
Mass bowl and 
sample with 
water
8,996.0 8,865.2 8,892.2 8,890.5 8,857.6
Max Specific 




2.525 2.502 2.629 2.481 2.500
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Table A 20 - Design 2 Gradation +8 Cylinder CoreLok HMA Bulk Specific Gravity



























P2-10A 29.0 3,340.5 3,369.5 1,928.7 3,340.5 24.8 2.376
P2-10B 51.6 3,313.4 3,364.8 1,906.8 3,313.4 24.5 2.377
P2-11A 51.5 3,320.1 3,371.2 1,912.7 3,320.0 24.5 2.381
P2-11B 29.1 3,317.6 3,346.6 1,922.1 3,317.6 24.7 2.387
P2-12A 51.7 3,279.6 3,331.2 1,861.9 3,279.6 25.2 2.334
P2-12B 51.4 3,264.8 3,316.2 1,874.7 3,264.8 25.2 2.370
P2-13A 51.4 3,405.3 3,456.3 1,972.7 3,404.9 25.0 2.399
P2-13B 51.5 3,361.5 3,413.0 1,937.7 3,361.6 24.8 2.382
P2-14A 51.5 3,250.1 3,301.9 1,890.1 3,250.4 24.7 2.412
P2-14B 51.4 3,282.3 3,333.6 1,897.4 3,282.4 24.3 2.392
Table A 21 - Design 2 Gradation +8 Maximum Theoretical Specific Gravity Data
P2-10 P2-11 P2-12 P2-13 P2-14
Temp C 25.2 25.2 25.0 25.0 25.0
A Mass Dry Sample 2,499.0 2,663.3 2,715.2 2,502.1 2,686.7
D
Mass Bowl 
with water at 
25 C





8,855.6 8,946.2 8,993.3 8,858.3 8,953.2
Max Specific 




2.501 2.482 2.519 2.503 2.466
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Table A 22 - Design 3 Gradation -8 Cylinder CoreLok HMA Bulk Specific Gravity



























P3-20A 29.5 3,057.8 3,087.3 1,749.1 3,057.9 25.8 2.346
P3-20B 29.4 3,066.5 3,095.9 1,759.2 3,066.6 25.8 2.355
P3-21A 29.8 3,037.1 3,066.8 1,763.8 3,037.1 25.6 2.396
P3-21B 29.4 3,029.8 3,059.2 1,752.3 3,030.0 25.5 2.382
P3-22A 28.8 3,267.8 3,296.7 1,894.7 3,267.9 24.9 2.390
P3-22B 29.1 3,238.5 3,267.6 1,866.6 3,238.6 24.9 2.370
P3-23A 29.1 3,242.0 3,270.9 1,837.7 3,242.0 24.9 2.318
P3-23B 29.1 3,217.4 3,246.2 1,821.8 3,217.4 24.8 2.315
P3-24A 29.1 3,146.9 3,175.8 1,769.2 3,146.9 24.8 2.294
P3-24B 28.9 3,197.8 3,226.7 1,788.3 3,197.9 24.8 2.278
Table A 23 - Design 3 Gradation -8 Maximum Theoretical Specific Gravity Data
P3-20 P3-21 P3-22 P3-23 P3-24
Temp 0 25.5 25.9 25.5 25.5 25.0
A Mass Dry Sample 2,578.4 2,567.2 2,549.5 2,572.3 2,502.1
D
Mass Bowl 
with water at 
25 C
7,353.0 7,353.0 7,353.0 7,353.0 7,353.0
E
Mass bowl and 
sample with 
water
8,904.6 8,887.1 8,879.7 8,904.6 8,855.7
Max Specific 




2.504 2.478 2.485 2.513 2.496
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03-01A+0 29.2 3,052.2 3,081.1 1,759.2 3,052.0 25.2 2.371
03-01B+0 29.3 3,066.0 3,094.9 1,763.3 3,065.9 25.1 2.364
03-02A+0 29.3 3,092.1 3,122.1 1,792.8 3,092.1 25.0 2.391
03-02B+0 29.3 3,103.5 3,132.7 1,794.1 3,103.5 24.9 2.381
03-03A+0 29.4 3,155.2 3,184.6 1,839.5 3,155.2 25.1 2.409
03-03B+0 29.4 3,146.9 3,176.3 1,832.6 3,147.0 25.0 2.405
03-04A+0 29.1 3,023.1 3,052.2 1,738.5 3,023.1 25.0 2.364
03-04B+0 29.4 3,022.0 3,051.1 1,742.5 3,021.9 25.0 2.373
03-05A+0 29.2 2,984.6 3,013.6 1,726.4 2,984.5 24.9 2.383
03-05B+0 29.5 2,969.0 2,998.2 1,708.2 2,969.0 24.9 2.366
Table A 25 - Design 3 Gradation +0 Maximum Theoretical Specific Gravity Data
C3-01 C3-02 C3-03 C3-04 C3-05
Temp C 25.5 25.6 25.2 24.9 25.5
A Mass Dry Sample 2,625.5 2,544.6 2,631.5 2,511.5 2,604.3
D Mass Bowl with water at 25 C 7,353.0 7,353.0 7,353.0 7,353.0 7,353.0
E Mass bowl and sample with water 8,930.3 8,876.4 8,922.3 8,864.5 8,922.9
Max Specific Gravity of mix 
Measured WEIGHING IN 
AIR
2.498 2.485 2.470 2.504 2.510
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Table A 26 - Design 3 Gradation +8 Cylinder CoreLok HMA Bulk Specific Gravity





























P3-10A 29.4 3,091.1 3,120.1 1,788.5 3,091.1 26.0 2.383
P3-10B 29.3 3,100.8 3,129.9 1,782.6 3,100.8 26.0 2.362
P3-11A 29.3 3,049.1 3,078.5 1,757.4 3,049.2 26.0 2.370
P3-11B 29.2 3,029.6 3,058.8 1,742.0 3,029.9 25.9 2.362
P3-12A 29.7 3,266.3 3,295.7 1,877.0 3,266.2 24.9 2.361
P3-12B 29.9 3,276.4 3,306.2 1,882.0 3,276.2 24.9 2.360
P3-13A 29.7 3,282.8 3,312.6 1,876.5 3,282.6 24.9 2.344
P3-13B 29.7 3,264.6 3,294.4 1,860.5 3,264.5 24.9 2.335
P3-14A 29.7 3,247.4 3,276.8 1,842.8 3,247.1 24.9 2.322
P3-14B 29.5 3,242.3 3,271.8 1,827.8 3,242.2 24.9 2.302
Table A 27 - Design 3 Gradation +8 Maximum Theoretical Specific Gravity Data
P3-10 P3-11 P3-12 P3-13 P3-14
Temp C 25.5 24.9 25.8 25.0 25.0
A Mass Dry Sample 2,572.7 2,745.3 2,521.7 2,585.6 2,511.0
D
Mass Bowl 
with water at 
25 C
7,353.0 7,353.0 7,353.0 7,353.0 7,353.0
E
Mass bowl and 
sample with 
water
8,887.7 8,999.7 8,854.6 8,908.9 8,870.1
Max Specific 




2.471 2.492 2.465 2.504 2.519
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Table A 28 - Design 4 Gradation -8 Beam Saturated Surface Dry HMA Bulk Specific
























84 113 L-8 6,482.9 3,737.2 6,503.5 6,503.5 25.0 2.344
B4 113 M-8 6,533.5 3,766.8 6,549.4 6,549.4 25.0 2.348
B4 113 R-8 6,535.8 3,768.2 6,550.5 6,550.5 25.0 2.349
B4 114 L-8 6,442.5 3,709.4 6,457.9 6,457.9 25.0 2.344
B4 114 M-8 6,470.2 3,763.4 6,480.0 6,480.0 25.0 2.382
B4 114 R-8 6,513.6 3,777.6 6,525.6 6,525.6 25.0 2.370
B4 115 L-8 6,464.4 3,744.2 6,474.4 6,474.4 25.0 2.368
B4 115 M-8 6,447.0 3,720.6 6,457.9 6,457.9 25.0 2.355
B4 115 R-8 6,482.9 3,747.7 6,491.5 6,491.5 25.0 2.370



































L-8 33.4 6,480.2 6,513.6 3,675.3 6,480.2 6,480.2 24.5 2.312
B4 113 
M-8 32.2 6,531.2 6,563.2 3,705.9 6,531.2 6,531.2 24.5 2.313
B4 113 
R-8 33.6 6,533.7 6,566.9 3,713.8 6,533.7 6,533.7 24.5 2.319
B4 114 
L-8 32.7 6,444.9 6,477.2 3,660.3 6,444.9 6,444.9 24.6 2.316
B4 114 
M-8 33.2 6,468.5 6,501.6 3,718.4 6,468.5 6,468.5 24.6 2.354
B4 114 
R-8 32.9 6,511.8 6,544.7 3,727.3 6,511.8 6,511.8 24.6 2.340
B4 115 
L-8 33.6 6,462.9 6,496.4 3,692.8 6,462.9 6,462.9 24.7 2.335
B4 115 
M-8 32.4 6,445.3 6,477.3 3,669.2 6,445.3 6,445.3 24.7 2.323
B4 115 
R-8 33.0 6,481.3 6,514.0 3,700.5 6,481.3 6,481.3 24.7 2.332
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Table A 30 - Design 4 Gradation -8 Aggregate Bulk Specific Gravities
Bin % 35 30 25 10




+#8 2.632 2.649 2.625 2.621
-#8 2.632 2.649 2.613 2.610
Combined 2.632 2.649 2.616 2.613
Combined Total 2.631
Table A 31 - Design 4 Gradation -8 Maximum Theoretical Specific Gravity Data
B4 113 L- 
8
B4 113 M- 
8
B4 113 R- 
8
B4 114 L- 
8
B4 114 M- 
8
B4 114 R- 
8
Temp C 25.1 25.0 25.0 25.0 25.0 25.0
A Mass Dry Sample (g) 2,586.4 2,919.4 2,514.6 2,862.2 2,773.4 2,706.1
D
Mass Bowl 
with water at 
25 C (g)





8,896.9 9,097.9 8,856.0 9,059.6 9,003.3 8,976.0
Max Specific 




2.474 2.478 2.479 2.470 2.462 2.491
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Table A  32 - Design 4 Gradation +0 Beam Saturated Surface Dry HMA Bulk Specific























02-092 L +0 6,494.5 3,671.5 6,526.2 6,526.2 25.0 2.275
02-092IVI+0 6,492.3 3,721.0 6,505.8 6,505.8 25.0 2.331
02-092R+0 6,494.8 3,756.4 6,503.9 6,503.9 25.0 2.364
02-093L+0 6,466.0 3,724.6 6,475.7 6,475.7 25.0 2.350
02-093M+0 6,466.8 3,735.7 6,473.2 6,473.2 25.0 2.362
02-093R+0 6,472.4 3,740.7 6,480.3 6,480.3 25.0 2.363
02-118L+0 6,501.2 3,747.9 6,509.6 6,509.6 25.0 2.354
02-118M+0 6,529.3 3,807.6 6,533.6 6,533.6 25.0 2.395
02-118R+0 6,523.7 3,837.7 6,528.0 6,528.0 25.0 2.429

































L+0 34.5 6,492.5 6,526.9 3,603.4 6,492.5 6,492.5 24.8 2.249
02-
092M+0 35.3 6,489.9 6,524.7 3,659.3 6,489.9 6,489.9 24.8 2.295
02-
092R+0 35.4 6,493.1 6,527.7 3,710.1 6,493.1 6,493.1 24.8 2.335
02-
093L+0 34.8 6,464.1 6,498.4 3,680.1 6,464.1 6,464.1 24.8 2.324
02-
093M+0 35.3 6,464.9 6,499.8 3,691.1 6,464.9 6,464.9 24.8 2.333
02-
093R+0 34.9 6,470.5 6,505.0 3,702.7 6,470.5 6,470.5 24.8 2.340
02-
118L+0 31.9 6,499.3 6,531.0 3,702.6 6,499.3 6,499.3 24.5 2.325
02-
118M+0 33.4 6,527.9 6,561.1 3,773.5 6,527.9 6,527.9 24.5 2.372
02-
118R+0 33.4 6,522.5 6,556.0 3,803.2 6,522.5 6,522.5 24.5 2.401
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Table A 34 - Design 4 Gradation +0 Maximum Theoretical Specific Gravity Data




Temp C 25.1 25.0 25.0 25.0 25.0 25.0
A Mass Dry 
Sample
2,586.4 2,919.4 2,514.6 2,862.2 2,773.4 2,706.1
D Mass Bowl 
with water at 
25 C
7,353.0 7,353.0 7,353.0 7,353.0 7,353.0 7,353.0
E Mass bowl 
and sample 
with water
8,896.9 9,097.9 8,856.0 9,059.6 9,003.3 8,976.0
Max Specific 




2.474 2.478 2.479 2.470 2.462 2.491
Table A 35 - Design 4 Gradation +0 Aggregate Bulk Specific Gravities
Bln % 25 33 18 24
Bln 1 Bln 2 Bln 3 Bin 4
3/4 rock 1/2 rock crusherfines
air
separator
+#8 2.632 2.649 2.625 2.621
-#8 2.632 2.649 2.613 2.610
Combined 2.632 2.649 2.616 2.613
Combined Total 2.629
Table A 36 - Design 4 Gradation +8 Beam Saturated Surface Dry HMA Bulk Specific 





















B4 110 L+ 6,503.0 3,707.8 6,517.9 6,517.9 25.0 2.314
B4110 M+ 6,496.8 3,778.7 6,501.1 6,501.1 25.0 2.386
B4 110 R+ 6,495.9 3,716.7 6,505.5 6,505.5 25.0 2.329
B4 111L+ 6,458.7 3,720.2 6,465.1 6,465.1 25.0 2.353
B4 111 M+ 6,426.6 3,737.8 6,432.0 6,432.0 25.0 2.385
B4 111R+ 6,475.0 3,728.3 6,479.5 6,479.5 25.0 2.354
B4 112 L+ 6,438.4 3,766.8 6,441.8 6,441.8 25.0 2.407
B4 112 M+ 6,443.9 3,769.2 6,446.9 6,446.9 25.0 2.407
B4 112 R+ 6,393.4 3,624.2 6,406.4 6,406.4 25.0 2.309
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L+ 34.9 6,500.5 6,535.1 3,669.6 6,500.5 6,500.5 24.6 2.298
84 110 
M+ 32.6 6,495.0 6,527.4 3,748.1 6,495.0 6,495.0 24.6 2.366
84 110 
R+ 36.2 6,493.6 6,529.6 3,673.5 6,493.6 6,493.6 24.6 2.305
84 111 
L+ 34.4 6,456.8 6,490.9 3,684.7 6,456.8 6,456.8 24.6 2.331
84 111 
M+ 34.6 6,425.1 6,459.7 3,700.0 6,425.1 6,425.1 24.6 2.360
84 111 
R+ 35.8 6,473.0 6,508.7 3,698.3 6,473.0 6,473.0 24.6 2.335
84 112 
L+ 33.4 6,436.9 6,470.2 3,744.0 6,436.9 6,436.9 24.7 2.392
84 112 
M+ 35.1 6,442.6 6,477.6 3,741.5 6,442.6 6,442.6 24.7 2.388
84 112 
R+ 33.5 6,391.2 6,424.4 3,577.4 6,391.2 6,391.2 24.7 2.273
Table A 38 - Design 4 Gradation +8 Maximum Theoretical Specific Gravity Data
B4110L+8 B4110M+8 B4110R+8 B4111L+8 B4111M+8 B4111R+8
Temp C 25.1 25.0 25.0 25.0 25.0 25.0
A Mass Dry Sample 2,586.4 2,919.4 2,514.6 2,862.2 2,773.4 2,706.1
D
Mass Bowl 
with water at 
25 C





8,896.9 9,097.9 8,856.0 9,059.6 9,003.3 8,976.0
Max Specific 




2.474 2.478 2.479 2.470 2.462 2.491
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Table A 39 - Design 4 Gradation +8 Aggregate Bulk Specific Gravities
Bin % 25 20 35 20
Bin 1 Bin 2 Bin 3 Bin 4
1 " rock 3/4" rock 3/8" rock CrusherFines
+#8 2.632 2.649 2.625 2.621
-#8 2.632 2.649 2.613 2.610
Combined 2.632 2.649 2.616 2.613
Combined Total 2.626
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APPENDIX II
PULSER-RECEIVER GRAPHICAL USER INTERFACE
The graphical user interface (GUI) is used to configure the system for various
transducers and applications as well as data acquisition parameters. The description of






Figure B 1 - GUI Status Window
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The GUI has a status display window, Figure B 1 - GUI Status Window, with 
components as follows:
Puiser Mode (one is active at a time): One of these three icons can be active at any 
time; imager, frequency sweep, or puiser. The selection for this research is imager, 
which allows for a direct display versus output to another system.
Start and Stop the system; used when changing the transducers or parameters.
Calibrates the system once the transducer parameters are set and aligned.
The auto or manual path selection directs what transducers will be used for data 
collection and they are designated as P1 through P4.
The auto or manual Gain switch for the gain control, which is normally done 
automatically. However, this can be set to manual so that that gain is constant for all 
samples being tested. This would mean that some samples would yield higher or lower 
decibels relative to each material type. The automatic mode would increase the 
amplitude to maximize the output, thereby leveling the output results between samples.
Active Gw)
Start Orrset
I  (U »C 8) 
$
P 4 )4 1 .2 6 R  250t)| _____
Figure B 2 - Path, Gain, and Offset Control
The start-offset selector allows for the re-position of the displayed signal in the 
screen.
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The chirp parameter icon allows for the setting of the center frequency, bandwidth, 
chirp duration, amplitude percent, and the chirp step percentages. The various 
parameters are adjusted for peak performance.
Signal path display switch allows the operator to select which combination of 
transmitter and receiver to examine. The system will collect data simultaneously for each 
of four possible acoustic signal paths. An application requiring only one signal path can 
be optimized by manually turning off the undesired paths.
The delay-add switch allows the chirp signal to be delayed to reduce the truncating 
of the signal.
P  Add Delay
Figure B 3 - Delay Icon
Start offset settings (opens box)
Plot selectors control the type of signal that will be displayed on the screen as 
indicated in Figure B 4 and following.
Selector 1 = Raw digital input after signal averaging
Selector 2 = Displays the output of the band pass filter
Selector 3 = Displays the signal after the receiver
Selector 4 = Displays the imager data and will only be active after the NCA is 
calibrated
260
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f t  t t
S1 S2 S3 S4
Figure B 4 - Signal Configuration and Paths
Figure B 5 - Plot selector 1 Raw signal Figure B 6 - Plot selector 2 Filtered signal
K'T- ■ l|.
Figure B 7 - Plot selector 3 Wave Envelope Figure B 8 - Plot selector 4 Pulse 
Compression
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Band pass filter
Signal averag ing  a llows fo r  a se lected  num ber o f pu lses to  be averaged  w hich  in tu rn  
im proves the  signal to  noise ratio.
Signal A vg 15 ^
Figure B 9 - S igna l A ve rag ing  Icon
R ece iver 
Im ager 
Main D isplav Region
274,5129
2315226
Figure B 10 - M ain D isp lay Region
12.5.1
The m ain d isp lay  region, F igure  B I O ,  com prises o f the im age screen signal reading 
in graph ica l and num erica l va lues. The b reakout o f th is  screen is as fo llow s;
G lobal v ie w  w hich  d isp lays the  initia l s ignal and rep lica tes
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Screen graph sca le  fo r the  m anual ad jus tm en t o f the  Y -sca le  o f the  plot. T h is  is very 
useful w hen w eak s igna ls are detected, the p lot can then be ad justed  m anua lly  to 
e ffective ly  zoom  into the  s ignal.
C a libra tion  sta tus ind icates a “ye s ” o r a “no” o f w h ich  the ope ra to r m ust see “ye s ” 
before  data  acqu is ition .
S igna l w id th  m easurem ents  w ith units depend ing  on the type  o f d isp lay  such as 
m icroseconds o r frequency. The red ve rtica l cu rso r lines are set, M1 and M2, and then 
the d iffe rence  is d isp layed.
M il 274.5129 
1231.5226
957.0097
Figure B 11 - S igna l w id th  m easurem ent
Gate se tting  param eters  w ith  the on ly ones used fo r  th is research  being the 
in tegrated response firs t peak, th resho ld , and to ta l area. The firs t peak is the  h ighest 
identifiab le  energy. The second peak d isp lays second h ighest iden tifiab le  energy.
263
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Plot num erica l d isp lay" 
(on/off)
IR F irst Peak, 




IR Thresho ld , Tota l IR, 
C lea r G ates
O ver sam pling  
G ate Label
F igure B 12 - G ate  Setting  Icons
Pulse repetition  frequency icon a llow s fo r the chang ing  o f the  rate tha t a pulse is sent 
per second. For th is  research, the rate w as not se t but w as slave to  the  signal averag ing  
and usua lly  hovered betw een 1.5 and 2 pulses p e r second.
PfiF 456.000 S  PRFÎ 0 0  ,
Figure B 13 - Pu lse R epetition  F requency (PR F)
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APPENDIX III
R A W  T E S T  D ATA 
The data  is presented  in the  o rde r o f the  design  num ber.
D ata Tab les fo r D esign 1 G radation  Type -8  
Tab le  C 1 Design 1 G radation  -8  C y linder S hot Data
















e Tem p 
C
02-May-05 C1-10A-8 90 SAM S17SUM 4.70% 285.00 293.03 -17.94 306.51 22.60 27.90 25.00
09-Apr-05 C1-1 OB-8 90 SAM S05SUM 4.70% 285.64 296.07 -15,70 307.35 23.10 24.00 25.00
02-May-05 C1-IOC-8 90 SAM S12SÜM 4.70% 286.84 302.76 -14.98 313.82 22.60 27.00 25.00
02-May-05 C1-10D-8 90 SAM S19SUM 4.70% 285.49 291.80 -19.73 304.13 22.60 28.00 25.00
02-May-05 C1-11A-8 90 SAM S21SUM 5.00% 284.83 301.65 -13.29 310.83 22.67 28.00 25.00
09-Apr-05 C l-118-8 90 SAMS21SUM 5.00% 286.30 296.53 -8.82 312.63 23.10 24.00 25.00
30-Apr-05 C1-11C-8 90 SAM S02SUM 5.00% 289.42 302.69 -15.34 308.77 22.75 25.00 25.00
30-Apr-05 C l-1 ID-8 90 SAM S20SUM 5.00% 291.60 288.03 -21.26 303.50 23.00 25.00 25.00
28-Apr-05 C1-12A-8 90 SAM S04SUM 4.40% 278.25 290.39 -9.07 300.57 22.80 25.00 25.00
09-Apr-05 C1-12B-8 90 SAM S17SUM 4.40% 286.43 296.34 -14.43 310.02 23.20 25.00 25.00
30-Apr-05 C1-12C-8 90 SAM S39SUM 4.40% 285.72 288.77 -16.25 308.26 23.10 24.00 25.00
28-Apr-05 C1-12D-8 90 SAM S02SUM 4.40% 277.83 275.94 -20.01 294.37 22.40 26.00 25.00
28-Apr-05 C1-13A-8 70 SAM S08SUM 4.85% 279.25 281.88 -17.52 293.65 22.50 25.00 25.00
29-Apr-05 C1-13B-8 70 SAM S02SUM 4.85% 278.60 278.19 -13.24 298.16 22.85 27.00 25.00
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Table C 2 Design 1 Gradation -8 Cylinder Shot Data (continued)


















2-May-G5 C1-10A-8 70.98 505.33 125 19 22.5 27 936 70.98 0.76 71.74
9-Apr-05 C1-10B-8 70.58 507.32 125 19 22.9 19 927 70.58 0.74 71.32
2-May-05 C1-10C-8 70.88 506.32 125 19 22.6 27 936 70.88 0.74 71.62
2-May-05 C1-10D-8 70.90 505.03 125 19 22.6 28 936 70.90 0.78 71.68
2-May-05 C1-11A-8 71.00 505.42 125 19 22.6 28 936 71.00 0.74 71.74
9-Apr-05 C1-11B-8 70.66 507.72 125 19 22.9 19 927 70.66 0.75 71.41
30-Apr-05 C1-11C-8 71.11 504.56 125 19 22.7 25 939 71.11 0.71 71.82
30-Apr-05 C1-11D-8 70.90 505.49 125 19 23 25 937 70.90 0.80 71.70
28-Apr-05 C1-12A-8 71.34 496.92 125 19 22.4 25 933 71.34 0.86 72.20
9-Apr-05 C1-12B-8 70.21 507.48 125 19 22.8 18 928 70.21 0.77 70.97
30-Apr-05 C1-12C-8 71.10 507.45 125 19 23.1 24 936 71.10 0.83 71.94
28-Apr-05 C1-12D-8 71.04 496.45 125 19 22.3 26 933 71.04 0.84 71.88
28-Apr-05 C1-13A-8 71.26 497.16 125 19 22.5 25 934 71.26 0.81 72.06
29-Apr-05 C1-13B-8 71.42 496.61 125 19 22.6 27 936 71.42 0.83 72.24




















C1-10A-8 -17.94 -89.68 1.94 -87.73 4.73% 142.50 146.52 216.32
C1-10B-8 -15.70 -87.02 0.01 -87.01 4.14% 142.82 148.03 216.46
C1-10C-8 -14.98 -86.60 1.94 -84.66 3.79% 143.42 151.38 211.52
C1-10D-8 -19.73 -91.40 2.17 -89.23 5.37% 142.74 145.90 216.39
C1-11A-8 -13.29 -85.04 2.17 -82.87 4.02% 142.42 150.82 212.17
C1-11B-8 -8.82 -80.23 0.01 -80.22 3.89% 143.15 148.27 216.31
C1-11C-8 -15.34 -87.16 1.48 -85.68 2.99% 144.71 151.35 208.50
C1-11D-8 -21.26 -92.96 1.48 -91.48 5.46% 145.80 144.02 215.67
C1-12A-8 -9.07 -81.26 1.48 -79.78 3.71% 139.13 145.19 212.60
C1-12B-8 -14.43 -85.40 -0.25 -85.65 5.18% 143.21 148.17 216.10
C1-12C-8 -16.25 -88.19 1.24 -86.95 7.67% 142.86 144.38 220.21
C1-12D-8 -20.01 -91.88 1.71 -90.17 7.72% 138.92 137.97 219.56
C1-13A-8 -17.52 -89.58 1.48 -88.10 4.08% 139.63 140.94 216.59
C1-13B-8 -13.24 -85.48 1.94 -83.54 4.63% 139.30 139.10 218.22
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Table C 4 Design 1 Gradation -8 Cylinder Shot Data (continued)
Sample ID























C1-10A-8 345.32 345.25 76.43 2.364 2.405 4,369 0.89
C1-10B-8 345.57 345.36 75.82 2.379 2.423 4,597 0.91
C1-10C-8 345.31 345.30 75.76 2.388 2.424 3,983 1.07
C1-10D-8 345.32 345.32 76.91 2.349 2.391 4,964 1.46
C1-11A-8 345.37 345.32 75.82 2.366 2.409 4,311 1.35
C1-11B-8 345.57 345.36 76.07 2.369 2.407 3,585 1.91
C1-11C-8 345.37 345.33 74.96 2.391 2.424 5,894 3.29
C1-11D-8 345.52 345.51 77.45 2.330 2.388 5,662 1.85
C1-12A-8 345.40 345.15 76.01 2.409 2.438 4,677 1.80
C1-12B-8 345.64 345.28 76.56 2.373 2.420 4,108 2.18
C1-12C-8 345.56 345.56 78.30 2.310 2.373 3,726 1.42
C1-12D-8 345.17 345.11 78.50 2.309 2.378 4,489 2.43
C1-13A-8 345.22 345.21 77.63 2.374 2.412 5,934 1.93
C1-13B-8 345.46 345.30 78.12 2.361 2.413 3,953 1.95
Data Tables for Design 1 Gradation Type +0 
Table C 5 Design 1 Gradation +0 Cylinder Shot Data














29-ADr-05 C1-01A+0 90 SAM S05SUM 4.70% 277.107 297.219 -7.567 301.598 22.65 27.00 25.00
09-Apr-06 C1-01B+0 90 SAM S09SUM 4.70% 288.922 306.416 -6.651 316.020 22.90 19.00 25.00
27-Aor-05 C1-01C+0 90 SAM S12SUM 4.70% 279.079 301.383 -10.057 306.476 22.55 24.00 25.00
30-Aor-05 C1-01D+0 90 SAM S24SUM 4.70% 288.928 307.054 -7.084 313.597 23.00 25.00 25.00
02-May-05 C1-02A+0 90 SAM S09SUM 5.00% 293.979 320.357 -7.065 318.301 22.55 27.00 25.00
09-/Vpr-06 C1-02B+0 90 SAMS19SUM 5.00% 287.437 303.718 -9.895 312.709 22.80 18.00 25.00
27-Aor-05 C1-02C+0 90 SAM S14SUM 5.00% 278.385 297.081 -7.558 305.954 22.55 24.00 25.00
28-Apr-05 C1-02D+0 90 SAM S06SUM 4.78% 279.525 292.647 -10.587 302.542 22.50 25.00 25.00
OO-Jan-00 C1-03A 90 OO-Jan-00 5.28% 0.000 0.000 0.000 0.000 0.00 0.00 0.00
OO-Jan-00 C1-03B 90 OO-Jan-00 5.30% 0.000 0.000 0.000 0.000 0.00 0.00 0.00
OO-Jan-00 C1-03C 90 OO-Jan-00 5.30% 0.000 0.000 0.000 0.000 0.00 0.00 0.00
OO-Jan-00 C l-030 90 OO-Jan-00 5.30% 0.000 0.000 0.000 0.000 0.00 0.00 0.00
30-Apr-05 C1-03AA+0 90 SAM S10SUM 5.31% 288.598 308.258 -12.055 313.409 23.00 25.00 25.00
09-Apr-05 C1-03AB+0 90 SAM S2SUM 5.30% 287.906 304.743 -7.858 316.462 22.80 19.00 25.00
27-Apr-05 C1-03AC+0 90 SAM S10SUM 5.29% 278.312 296.797 -11.351 305.217 22.50 24.00 25.00
29nAor-05 C1-03AD+0 90 SAM S09SUM 5.29% 277.608 296.873 -11.490 304.313 22.60 26.00 25.00
30-Apr-05 C1-04A+0 90 SAM S26SUM 4.51% 286.871 297.230 -10.699 306.144 23.10 24.00 25.00
02-May-05 C1-04B+0 90 SAM S04SUM 4.50% 286.013 299.697 -6.825 307.699 22.50 27.00 25.00
30-Apr-05 C1-04C+0 90 SAM S28SUM 4.50% 289.234 290.572 -13.522 310.139 23.10 24.00 25.00
02-Mav-05 C l-040+0 90 SAM S02SUM 4.50% 291.598 294.520 -13.683 305.842 22.45 27.00 25.00
27-Apr-05 C1-05A+0 90 SAM S18SUM 4.85% 281.187 300.378 -9.524 306.076 22.60 23.00 25.00
27-/Vpr-05 C1-05B+0 90 SAM S21SUM 4.85% 280.902 293.800 -8.051 301.554 22.50 23.00 25.00
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C1-01A+0 -7.57 -79.65 1.94 -77.71 3.06% 138.55 148.61 209.09
C1-01B+0 -6.65 -78.04 0.01 -78.03 2.78% 144.46 153.21 209.57
01-010+0 -10.06 -81.50 1.24 -80.25 3.53% 139.54 150.69 208.49
01-01D+0 -7.08 -78.22 1.48 -76.74 3.20% 144.46 153.53 207.92
01-02A+0 -7.06 -78.37 1.94 -76.43 1.83% 146.99 160.18 199.07
01-02B+0 -9.90 -81.38 -0.25 -81.62 4.28% 143.72 151.86 212.58
01-020+0 -7.56 -79.39 1.24 -78.14 3.25% 139.19 148.54 210.15
01-02D+0 -10.59 -82.72 1.48 -81.24 4.47% 139.76 146.32 210.84
O1-03A 0.00 -0.67 0.00 -0.67 1.71% 0.00 0.00 0.00
O1-03B 0.00 -0.82 0.00 -0.82 2.62% 0.00 0.00 0.00
01-030 0.00 -0.81 0.00 -0.81 2.00% 0.00 0.00 0.00
O1-03D 0.00 -0.77 0.00 -0.77 2.45% 0.00 0.00 0.00
01-03AA+0 -12.05 -84.11 1.48 -82.63 1.48% 144.30 154.13 206.51
01-03AB+0 -7.86 -79.25 -0.25 -79.49 1.36% 143.95 152.37 211.43
O1-03AO+0 -11.35 -83.23 1.24 -81.99 2.09% 139.16 148.40 210.79
01-03AD+0 -11.49 -83.57 1.71 -81.86 1.78% 138.80 148.44 209.12
01-04A+0 -10.70 -81.92 1.24 -80.68 3.66% 143.44 148.62 213.86
01-04B+0 -6.82 -78.66 1.94 -76.72 3.10% 143.01 149.85 214.22
01-040+0 -13.52 -85.52 1.24 -84.27 4.13% 144.62 145.29 217.17
01-04D+0 -13.68 -85.70 1.94 -83.76 4.30% 145.80 147.26 214.10
01-05A+0 -9.52 -80.40 1.00 -79.39 2.16% 140.59 150.19 207.55
01-05B+0 -8.05 -79.72 1.00 -78.71 4.05% 140.45 146.90 210.40
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Table C 7 Design 1 Gradation +0 Cylinder Shot Data (continued)
Sample ID


























C1-01A+0 345.34 345.43 74.39 2.403 2.429 5.153 1.80
01-01B+0 345.36 345.36 74.37 2.409 2.436 4,052 1.71
C1-01C+0 345.23 345.26 74.41 2.391 2.428 4,580 1.85
C1-01D+0 345.52 345.51 74.35 2.399 2.429 4,764 1.69
C1-02A+0 345.28 345.24 73.15 2.433 2.449 6,571 2.55
C1-02B+0 345.29 345.28 75.09 2.372 2.396 4.383 1.69
C1-02C+0 345.23 345.20 74.95 2.398 2.424 4.113 1.96
C1-02D+0 345.22 345.21 75.64 2.368 2.398 4,597 1.84
C1-03A #DIV/0! #DIV/0! 73.83 2.427 #DIV/0! 0.00
C1-03B #DIV/0! #DIV/0! 71.85 2.405 #DIV/0! 0.00
01-030 #DIV/OI #DIV/0! 70.08 2.420 #DIV/0! 0.00
01-030 #DIV/0! #DIV/0! 80.68 2.409 #DIV/0! 0.00
01-03AA+0 345.52 345.45 73.61 2.426 2.440 4,914 1.83
C1-03AB+0 345.30 345.28 73.97 2.429 2.443 3,673 2.49
01-03AC+0 345.20 345.20 75.00 2.411 2.436 4,246 2.41
C1-03AD+0 345.29 345.29 74.62 2.418 2.443 4,371 3.01
01-04A+0 345.56 345.56 76.73 2.400 2.437 5.445 0.84
01-04B+0 345.25 345.18 76.52 2.414 2.438 5,155 0.98
01-040+0 345.56 345.56 77.64 2.388 2.439 3,837 1.50
01-04D+0 345.22 345.18 77.49 2.384 2.428 6,062 0.49
01-05A+0 345.25 345.24 74.13 2.430 2.445 4.847 2.16
C1-05B+0 345.18 345.24 75.05 2.383 2.411 5,285 1.24
Data Tables for Design 1 Gradation Type +8 
Table C 8 Design 1 Gradation +8 Cylinder Shot Data














30-Apr-05 01-20A+8 90 SAM S12SUM 5.00% 289.12 311.30 -5.44 314.67 22.90 25 25.00
09-Apr-05 01-20B+8 90 SAMPLE S07SUk 5.00% 288.19 311.32 -6.48 314.74 22.90 19 25.00
30-Apr-05 01-200+8 90 SAM S15SUM 5.00% 287.90 304.76 -7.69 312.26 22.95 25 25.00
30-Apr-05 01-200+8 90 SAM 841 SUM 5.00% 287.86 309.78 -9.48 313.72 23.00 23 25.00
30-Apr-05 C1-21A+8 90 SAM S06SÜM 4.70% 289.62 302.95 -8.21 313.01 22.80 25 25.00
09-Aor-05 01-21B+8 90 SAMPLE 311 SUN 4.70% 287.68 314.49 -6.73 315.56 23.00 19 25.00
30-Apr-05 01-210+8 90 SAMS18SUM 4.70% 289.18 302.14 -7.23 309.84 23.00 25 25.00
30-Apr-05 C1-21D+8 90 SAM S35SUM 4.70% 286.58 311.03 -6.32 310.55 23.10 24 25.00
30-Apr-05 C1-22A+8 90 SAM S04SUM 4.40% 288.76 301.55 -5.78 308.22 22.80 25 25.00
09-Apr-05 01-22B+8 90 SAMPLE S13SUN 4.40% 287.31 304.88 -7.08 311.83 22.80 19 25.00
02-Mav-05 01-220+8 90 SAM S06SUM 4.40% 286.14 310.34 -6.75 310.37 22.50 27 25.00
29-Apr-05 01-220+8 90 S07 4.41% 277.88 294.69 -8.31 300.57 22.75 26 25.00
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Table C 9 Design 1 Gradation +8 Cylinder Shot Data (continued)













C1-20A+8 71.27 504.34 125 19 22.9 25 938 71.27
C1-20B+8 70.79 507.61 125 19 22.9 19 927 70.79
C1-20C+8 70.48 506.66 125 19 22.9 25 938 70.48
C1-20D+8 70.89 507.78 125 19 23 23 936 70.89
C1-21A+8 71.23 504.93 125 19 22.8 25 939 71.23
C1-21B+8 70.60 507.23 125 19 22.9 19 927 70.60
C1-21C+8 70.43 505.57 125 19 22.8 25 939 70.43
C1-21D+8 71.10 507.65 125 19 23.1 24 936 71.10
C1-22A+8 71.09 504.90 125 19 22.8 25 939 71.09
C1-22B+8 70.77 508.13 125 19 22.9 19 927 70.77
C1-22C+8 71.05 507.00 125 19 22.5 27 936 71.05
C1-22D+8 71.29 496.25 125 19 22.9 26 938 71.29














C1-20A+8 0.64 71.90 -5.44 -77.35 1.48 -75.87 1.82%
C1-20B+8 0.64 71.43 -6.48 -77.91 0.01 -77.90 1.94%
C1-20C+8 0.69 71.17 -7.69 -78.86 1.48 -77.38 4.01%
C1-20D+8 0.69 71.57 -9.48 -81.05 1.00 -80.05 2.70%
C1-21A+8 0.68 71.91 -8.21 -80.12 1.48 -78.64 2.36%
C1-21B+8 0.64 71.24 -6.73 -77.98 0.01 -77.97 2.18%
C l-210+8 0.72 71.15 -7.23 -78.38 1.48 -76.90 2.79%
01-21D+8 0.70 71.80 -6.32 -78.12 1.24 -76.87 2.76%
C1-22A+8 0.71 71.80 -5.78 -77.58 1.48 -76.09 3.14%
01-22B+8 0.72 71.49 -7.08 -78.57 0.01 -78.56 4.10%
01-220+8 0.70 71.75 -6.75 -78.50 1.94 -76.56 3.40%
01-22D+8 0.70 71.99 -7.34 -79.33 1.71 -77.61 3.46%
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Table C 11 Design 1 Gradation +8 Cylinder Shot Data (continued)


















C1-20A+8 144.56 155.65 202.44 204.13 345.46 345.46 73.04 2.433 2.439 1.22
C1-20B+8 144.10 155.66 204.23 207.85 345.36 345.36 73.16 2.430 2.447 0.56
C1-20C+8 143.95 152.38 207.40 210.34 345.49 345.46 74.56 2.379 2.398 1.53
C1-20D+8 143.93 154.89 206.93 208.96 345.49 345.49 74.44 2.411 2.427 0.83
C1-21A+8 144.81 151.48 205.90 208.64 345.40 345.40 74.25 2.423 2.440 1.54
C1-21B+8 143.84 157.25 202.76 206.14 345.42 345.36 73.16 2.427 2.445 1.78
C1-21C+8 144.59 151.07 207.84 209.92 345.52 345.40 75.27 2.412 2.431 1.06
C1-21D+8 143.29 155.51 206.75 208.85 345.56 345.56 74.68 2.413 2.436 1.70
C1-22A+8 144.38 150.78 206.97 209.74 345.40 345.40 75.01 2.420 2.441 1.25
C1-22B+8 143.65 152.44 208.29 212.03 345.30 345.36 75.17 2.396 2.416 1.66
C1-22C+8 143.07 155.17 206.73 208.76 345.25 345.25 74.75 2.413 2.431 1.03
C1-22D+8 138.94 147.34 208.52 209.97 345.38 345.47 74.80 2.412 2.432 1.65
Data Tables for Design 2 Gradation Type -8 
Table C 12 Design 2 Gradation -8 Cylinder Shot Data















5-Jan-06 C2-21A-8 90 4.30% 286.598 305.619 -12.790 312.908 22.4 22 25.0
5-Jan-06 02-21B-8 90 4.30% 285.897 294.846 -9.548 311.630 22.3 22 25.0
5-Jan-06 C2-22A-8 90 4.80% 282.576 321.839 -9.426 317.698 22.3 22 25.0
5-Jan-06 C2-22B-8 90 4.80% 288.522 306.706 -15.452 314.985 22.4 22 25.0
S-Jan-06 C2-23A-8 90 4.00% 285.888 277.804 -19.756 299.555 22.4 20 25.0
6-Jan~06 C2-23B-8 90 4.00% 285.277 274.543 -21.123 300.569 22.5 20 25.0
G-Jan-06 C2-24A-8 90 5.10% 285.307 324.324 -8.216 321.555 22.5 20 25.0
6-Jan-06 C2-24B-8 90 5.10% 283.411 323.229 -12.497 318.380 22.5 20 25.0























C2-21A-8 71.1304 512.348 125 20 22.40 22.00 955 71.13 0.66 71.79
C2-21B-8 71.0492 512.852 125 20 22.30 22.00 954 71.05 0.72 71.77
C2-22A-8 70.916 512.687 125 20 22.30 22.00 954 70.92 0.58 71.50
C2-22B-8 71.0325 512.663 125 20 22.40 22.00 954 71.03 0.65 71.69
C2-23A-8 71.1736 513.153 125 20 22.40 20.00 944 71.17 0.86 72.03
C2-23B-8 70.5992 513.352 125 20 22.50 20.00 944 70.60 0.87 71.47
C2-24A-8 70.83 513.38 125 20 22.50 20.00 944 70.83 0.54 71.37
C2-24B-8 70.696 513.345 125 20 22.50 20.00 944 70.70 0.56 71.26
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(dbs) i l l
-  8
o
IP IRm(dbs) %voids t1 (usee) t2 (psec)
02-21A-8 -12.79 -84.59 0.76 -83.82 6.87% 143.30 152.81
C2-21B-8 -9.55 -81.32 0.76 -80.56 7.64% 142.95 147.42
C2-22A-8 -9.43 -80.92 0.76 -80.16 10.08% 141.29 160.92
C2-22B-8 -15.45 -87.14 0.76 -86.38 12.29% 144.26 153.35
G2-23A-8 -19.76 -91.79 0.26 -91.53 9.05% 142.94 138.90
C2-23B-8 -21.12 -92.59 0.26 -92.33 10.21% 142.64 137.27
C2-24A-8 -8.22 -79.58 0.26 -79.32 3.82% 142.65 162.16
C2-24B-8 -12.50 -83.76 0.26 -83.49 3.41% 141.71 161.61
Table C 15 Design 2 Gradation -8 Cylinder Shot Data (continued)




















C2-21A-8 216.24 345.10 345.10 77.80 16.80 4.630.78 2.377
02-21 B-8 222.48 345.04 345.04 79.31 21.26 3,730.79 2.357
02-22A-8 210.48 345.04 345.04 75.57 15.49 4,878.22 2.411
02-22B-8 215.05 345.10 345.10 77.51 17.37 4,462.07 2.351
C2-23A-8 231.31 345.07 345.07 83.02 17.71 4,687.95 2.308
C2-23B-8 233.44 345.13 345.13 83.35 20.66 4,034.45 2.279
02-24A-8 208.57 345.13 345.13 74.38 16.74 4,442.99 2.403
02-24B-8 210.03 345.13 345.13 75.06 15.06 4,983.56 2.413
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Data Tables for Design 2 Gradation Type +0
Table C 16 - Design 2 Gradation +0 Cylinder Shot Data
















30-D6C-05 C2-01A+0 90 4.80% 301.34 301.06 -8.43 311.66 22.6 18 25.0
30-Dec-05 C2-01B+0 90 4.80% 290.47 295.56 -7.95 310.78 22.6 18 25.0
30-Dec-05 C2-02A+0 90 5.10% 287.74 291.70 -9.63 309.08 22.5 18 25.0
30-Dec-05 C2-02B+0 90 5.10% 289.22 289.13 -14.68 306.30 22.6 18 25.0
30-D6C-05 C2-03A+0 90 6.00% 290.39 292.87 -12.75 307.95 22.6 18 25.0
30-Dec-05 C2-03B+0 90 6.01% 289.29 301.30 -9.23 312.27 22.7 18 25.0
30-Dec-05 C2-04A+0 90 5.70% 293.00 294.59 -13.84 308.34 22.7 18 25.0
30-Dec-05 C2-04B+0 90 5.70% 290.13 294.03 -6.57 309.35 22.8 18 25.0
30-D6C-05 C2-05A+0 90 5.40% 291.30 307.17 -5.40 315.43 22.8 18 25.0
3O-D0C-O5 C2-05B+0 90 5.40% 295.76 300.60 -4.68 310.55 22.7 18 25.0
Table C 17 - Design 2 Gradation +0 Cylinder Shot Data (continued)

























30-Dec-05 C2-01A+0 70.64 507.47 125 20 22.60 18 938 70.64 0.63 71.27
30-Dec-05 02-01 B+0 70.64 507.39 125 20 22.60 18 937 70.64 0.66 71.31
30-Dec-05 C2-02A+0 70.33 507.32 125 20 22.50 18 937 70.33 0.63 70.96
30-D6C-05 C2-02B+0 71.11 507.58 125 20 22.60 18 936 71.11 0.70 71.81
30-Dec-05 C2-03A+0 70.24 507.05 125 20 22.60 18 937 70.24 0.67 70.91
30-Dec-05 C2-03B+0 70.80 506.87 125 20 22.70 18 937 70.80 0.61 71.41
30-D6C-05 C2-04A+0 70.83 506.97 125 20 22.70 18 937 70.83 0.65 71.48
30-Dec-05 C2-04B+0 70.29 507.14 125 20 22.80 18 937 70.29 0.67 70.96
30-Dec-05 C2-05A+0 70.65 507.36 125 20 22.80 18 936 70.65 0.57 71.22
30-Dec-05 C2-05B+0 70.98 507.26 125 20 22.70 18 936 70.98 0.63 71.60
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C2-01A+0 71.27 -8.43 -79.70 -0.25 -79.94 5.01% 150.67 150.53
C2-01B+0 71.31 -7.95 -79.25 -0.25 -79.50 6.36% 145.24 147.78
C2-02A+0 70.96 -9.63 -80.59 -0.25 -80.84 6.51% 143.87 145.85
C2-02B+0 71.81 -14.68 -86.49 -0.25 -86.74 5.83% 144.61 144.57
C2-03A+0 70.91 -12.75 -83.66 -0.25 -83.90 9.86% 145.19 146.43
C2-03B+0 71.41 -9.23 -80.65 -0.25 -80.89 7.76% 144.64 150.65
C2-04A+0 71.48 -13.84 -85.31 -0.25 -85.56 2.73% 146.50 147.30
C2-04B+0 70.96 -6.57 -77.53 -0.25 -77.78 2.68% 145.07 147.02
C2-05A+0 71.22 -5.40 -76.62 -0.25 -76.87 3.02% 145.65 153.58
C2-05B+0 71.60 -4.68 -76.29 -0.25 -76.53 2.90% 147.88 150.30
Table C 19 Design 2 Gradation +0 Cylinder Shot Data (continued)














(0g O 0.li | i |
C2-01A+0 206.27 345.16 345.16 76.79 10.46 7.341 2.399
C2-01B+0 214.38 345.16 345.16 77.79 17.76 4,380 2.365
C2-02A+0 217.60 345.10 345.10 76.96 19.37 3,973 2.339
C2-02B+0 218.41 345.16 345.16 78.64 17.12 4,592 2.356
C2-03A+0 215.42 345.16 345.16 78.00 16.32 4,779 2.369
C2-03B+0 211.58 345.22 345.22 76.41 16.98 4,501 2.425
C2-04A+0 213.17 345.22 345.22 77.33 14.54 5,319 2.413
C2-04B+0 215.06 345.28 345.28 78.02 17.27 4,518 2.414
C2-05A+0 208.13 345.28 345.28 75.37 16.19 4,654 2.425
C2-05B+0 209.09 345.22 345.22 76.74 12.37 6,204 2.428
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Data Tables for Design 2 Gradation Type +8
Table C 20 Design 2 Gradation +8 Cylinder Shot Data















5-Jan-06 C2-10A+8 90 5.10% 288.35 305.12 -5.98 313.54 22.3 22 25.0
5-Jan-06 C2-10B+8 90 5.10% 287.81 310.34 -4.05 317.00 22.4 22 25.0
3-Jan-06 C2-11A+8 90 5.60% 285.06 307.18 -5.68 313.10 22.4 25 25.0
3-Jan-06 C2-11B+8 90 5.60% 283.84 312.46 -4.23 315.52 22.4 25 25.0
3-Jan-06 C2-12A+8 90 4.80% 284.89 304.92 -5.99 311.85 22.5 25 25.0
3-Jan-06 C2-12B+8 90 4.80% 286.01 313.81 -7.92 313.77 22.5 25 25.0
3-Jan-06 C2-13A+8 90 5.30% 285.32 301.21 -5.92 310.80 22.5 25 25.0
3-Jan-06 C2-13B+8 90 5.30% 285.88 303.52 -3.50 312.90 22.5 25 25.0
3-Jan-06 C2-14A+8 90 5.90% 285.29 325.60 -6.04 322.37 22.5 25 25.0
3-Jan-06 C2-14B+8 90 5.91% 283.42 316.50 -8.98 316.83 22.5 25 25.0
Table C 21 Design 2 Gradation +8 Cylinder Shot Data (continued)






















C2-10A+8 71.11 513.11 125 20 22.30 22 956 71.11 0.67 71.78
C2-10B+8 71.14 513.02 125 20 22.40 22 956 71.14 0.65 71.79
C2-11A+8 71.58 511.96 125 20 22.40 25 944 71.58 0.66 72.24
C2-11B+8 71.51 511.92 125 20 22.40 25 944 71.51 0.64 72.15
C2-12A+8 71.53 511.85 125 20 22.50 25 944 71.53 0.67 72.20
C2-12B+8 71.50 511.83 125 20 22.50 25 944 71.50 0.63 72.13
C2-13A+8 71.31 511.93 125 20 22.50 25 945 71.31 0.72 72.03
C2-13B+8 71.25 511.98 125 20 22.50 25 945 71.25 0.70 71.95
C2-14A+8 71.23 512.10 125 20 22.50 25 945 71.23 0.58 71.81
C2-14B+8 71.34 512.10 125 20 22.50 25 945 71.34 0.62 71.95
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Table C 22 Design 2 Gradation +8 Cylinder Shot Data (continued)











02-1OA+8 -5.98 -77.76 0.76 -77.00 5.00% 144.17 152.56
02-1OB+8 -4.05 -75.84 0.76 -75.08 4.93% 143.91 155.17
0 2 -1 1A+8 -5.68 -77.92 1.48 -76.44 4.06% 142.53 153.59
0 2 -1 1B+8 -4.23 -76.38 1.48 -74.90 3.80% 141.92 156.23
02-12A+8 -5.99 -78.19 1.48 -76.71 7.33% 142.45 152.46
02-12B+8 -7.92 -80.06 1.48 -78.57 5.90% 143.01 156.90
02-13A+8 -5.92 -77.95 1.48 -76.47 4.14% 142.66 150.61
02-13B+8 -3.50 -75.45 1.48 -73.97 4.81% 142.94 151.76
02-14A+8 -6.04 -77.85 1.48 -76.37 2.17% 142.64 162.80
02-14B+8 -8.98 -80.93 1.48 -79.45 2.98% 141.71 158.25
Tab le  C 23 Design 2 G radation  +8 C y linde r Shot Data (con tinued)






















02-1 OA+8 216.38 345.04 345.04 77.90 16.80 4.635.47 2.387 2.376
02-1 OB+8 213.95 345.10 345.10 77.29 17.92 4,312.36 2.394 2.377
02-11A+8 215.84 345.15 345.15 77.77 16.98 4,580.55 2.377 2.381
02-11B+8 213.77 345.15 345.15 77.04 17.37 4,435.71 2.398 2.387
02-12A+8 216.95 345.21 345.21 77.87 16.94 4,596.31 2.336 2.334
02-12B+8 211.93 345.21 345.21 76.89 13.86 5,548.91 2.380 2.370
02-13A+8 218.66 345.21 345.21 79.20 17.53 4,516.73 2.406 2.399
02-13B+8 217.28 345.21 345.21 78.80 18.21 4.328.35 2.390 2.382
02-14A+8 206.66 345.21 345.21 75.60 16.92 4,467.25 2.430 2.412
02-14B+8 212.14 345.21 345.21 76.55 16.87 4,536.09 2.391 2.392
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Data Tables for Design 3 Gradation Type -8
Table C 24 Design 3 Gradation -8 Cylinder Shot Data















20-Jan-06 C3-20A-8 90 4.89% 285.14 338.59 -9.53 330.88 21.9 18 25.0
20-Jan-06 C3-20B-8 90 4.90% 286.43 333.62 -5.66 330.43 22 17 25.0
20-Jan-06 03-21A-8 90 5.10% 286.14 347.57 -7.45 332.25 22 17 25.0
20-Jan-06 03-21 B-8 90 5.10% 286.00 349.64 -11.57 332.19 22 17 25.0
20-Jan-06 C3-22A-8 90 5.40% 284.23 314.88 -11.24 321.42 22 17 25.0
20-Jan-06 C3-22B-8 90 5.40% 297.32 317.98 -7.87 322.80 22 17 25.0
20-Jan-06 C3-23A-8 90 4.60% 286.51 306.20 -7.36 315.80 22 17 25.0
20-Jan-06 C3-23B-8 90 4.60% 284.68 304.48 -8.58 316.77 22 17 25.0
20-Jan-06 C3-24A-8 90 4.30% 285.85 312.28 -13.26 320.30 22.1 17 25.0
20-Jan-06 C3-24B-8 90 4.30% 286.60 301.73 -8.90 312.96 22.1 17 25.0














I l | î i l l8 III8
C3-20A-8 70.64 515.84 125 20 21.9 18.0 945 70.64 0.48 71.12
C3-20B-8 70.56 515.80 125 20 22.0 17.0 945 70.56 0.48 71.04
C3-21A-8 70.62 515.69 125 20 22.0 17.0 945 70.62 0.42 71.03
C3-21B-8 70.49 515.79 125 20 22.0 17.0 945 70.49 0.41 70.91
C3-22A-8 70.53 515.77 125 20 22.0 17.0 945 70.53 0.60 71.13
C3-22B-8 70.67 515.61 125 20 22.0 17.0 945 70.67 0.59 71.26
C3-23A-8 70.67 515.54 125 20 22.0 17.0 945 70.67 0.67 71.34
C3-23B-8 70.65 515.60 125 20 22.0 17.0 945 70.65 0.66 71.31
C3-24A-8 70.64 515.41 125 20 22.1 17.0 945 70.64 0.64 71.28
C3-24B-8 70.76 515.54 125 20 22.1 17.0 945 70.76 0.70 71.46
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Table C 26 Design 3 Gradation -8 Cylinder Shot Data (continued)













C3-20A-8 -9.53 -80.65 -0.25 -80.90 6.29% 142.57 169.30
C3-20B-8 -5.66 -76.70 -0.51 -77.21 5.93% 143.22 166.81
C3-21A-8 -7.45 -78.48 -0.51 -78.99 3.30% 143.07 173.79
C3-21B-8 -11.57 -82.48 -0.51 -82.98 3,87% 143.00 174.82
C3-22A-8 -11.24 -82.36 -0.51 -82.87 3.85% 142.11 157.44
C3-22B-8 -7.87 -79.13 -0.51 -79.63 4.63% 148.66 158.99
C3-23A-8 -7.36 -78.69 -0.51 -79.20 7.76% 143.25 153.10
C3-23B-8 -8.58 -79.90 -0.51 -80.41 7.89% 142.34 152.24
C3-24A-8 -13.26 -84.54 -0.51 -85.05 8.13% 142.92 156.14
C3-24B-8 -8.90 -80.36 -0.51 -80.86 8.76% 143.30 150.87
Tab le  C 27 D esign 3 G radation  -8 C y linde r Shot Data (con tinued)
Sam ple ID tam  P4(psec)




Vel A ir  








Velm  (m/s) 
use 




C3-20A-8 203.98 344.74 344.74 72.77 19.01 3,828 2.346
C3-20B-8 205.77 344.79 344.78 72.94 20.40 3,575 2.355
C3-21A-8 198.83 344.79 344.78 71.12 15.39 4,621 2.396
C3-21B-8 197.97 344.79 344.78 71.08 14.37 4,946 2.382
C3-22A-8 216.22 344.79 344.78 76.05 21.87 3,477 2.390
C3-22B-8 207.97 344.79 344.78 75.92 15.15 5,011 2.370
C3-23A-8 219.18 344.79 344.78 77.85 19.45 4,003 2.318
C3-23B-8 221.02 344.79 344.78 77.81 22.19 3,506 2.315
C3-24A-8 216.35 344.85 344.84 77.11 21.24 3,630 2.294
C3-24B-8 221.37 344.85 344.84 78.65 18.79 4,185 2.278
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Data Tables for Design 3 Gradation Type +0
Table C 28 Design 3 Gradation +0 Cylinder Shot Data
















17-Jan-06 C3-01A+0 90 4.80% 289.00 346.56 -2.41 330.40 22.30 17 25.0
17-Jan-OG C3-01B+0 90 4.80% 287.17 342.48 -1.83 331.18 22.40 17 25.0
17-Jan-06 C3-02A+0 90 5.10% 292.31 343.90 -1.09 332.19 22.60 17 25.0
17-Jan-06 C3-02B+0 90 5.10% 294.89 342.02 -5.99 327.92 22.60 17 25.0
17-Jan-06 C3-03A+0 90 5.40% 293.40 338.04 -4.02 331.25 22.60 17 25.0
17-Jan-06 C3-03B+0 90 5.40% 282.16 336.52 -5.78 329.78 22.70 17 25.0
17-Jan-06 C3-04A+0 90 4.50% 297.90 350.20 -2.44 332.17 22.60 17 25.0
17-Jan-06 C3-04B+0 90 4.50% 290.79 352.68 -3.17 332.97 22.60 17 25.0
17-Jan-06 C3-05A+0 90 4.20% 286.99 353.74 -2.56 336.21 22.60 17 25.0
17-Jan-06 C3-05B+0 90 4.20% 286.11 352.82 -0.61 334.35 22.60 17 25.0
Table C 29 Design 3 Gradation +0 Cylinder Shot Data (continued)
























C3-01A+0 70.45 515.19 125 20 22.30 17 951 70.45 0.48 70.93
C3-01B+0 70.62 515.05 125 20 22.40 17 951 70.62 0.48 71.10
C3-02A+0 70.89 515.67 125 20 22.60 17 946 70.89 0.42 71.30
C3-02B+0 70.87 515.79 125 20 22.60 17 946 70.87 0.41 71.28
G3-03A+0 70.77 515.55 125 20 22.60 17 946 70.77 0.60 71.37
C3-03B+0 70.53 515.67 125 20 22.70 17 946 70.53 0.59 71.12
C3-04A+0 70.63 515.33 125 20 22.60 17 946 70.63 0.67 71.30
C3-04B+0 70.80 515.31 125 20 22.60 17 946 70.80 0.66 71.47
C3-05A+0 70.75 515.07 125 20 22.60 17 945 70.75 0.64 71.39
C3-05B+0 70.55 515.35 125 20 22.60 17 945 70.55 0.70 71.24
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Table C 30 Design 3 Gradation +0 Cylinder Shot Data (continued)
Sample ID IRc(dbs) l | |
c3 Ip IRm(dbs) %voids t1(psec) t2(psec)
C3-01A+0 -2.41 -73.34 -0.51 -73.84 5.06% 144.50 173.28
03-01 B+0 -1.83 -72.93 -0.51 -73.44 5.35% 143.58 171.24
C3-02A+0 -1.09 -72.39 -0.51 -72.90 3.76% 146.16 171.95
C3-02B+0 -5.99 -77.27 -0.51 -77.77 4.18% 147.45 171.01
C3-03A+0 -4.02 -75.39 -0.51 -75.90 2.49% 146.70 169.02
C3-03B+0 -5.78 -76.91 -0.51 -77.41 2.65% 141.08 168.26
C3-04A+0 -2.44 -73.74 -0.51 -74.25 5.60% 148.95 175.10
C3-04B+0 -3.17 -74.64 -0.51 -75.15 5.25% 145.40 176.34
C3-05A+0 -2.56 -73.95 -0.51 -74.45 5.06% 143.49 176.87
C3-05B+0 -0.61 -71.85 -0.51 -72.36 5.76% 143.05 176.41
Table C 31 Design 3 Gradation +0 Cylinder Shot Data (continued)





















C3-01A+0 197.41 344.96 344.96 72.77 12.62 5,765 2.371
03-01 B+0 200.23 345.02 345.02 72.94 16.36 4,459 2.364
C3-02A+0 197.56 345.15 345.14 71.12 14.08 5,050 2.391
C3-02B+0 197.33 345.15 345.14 71.08 9.47 7,509 2.381
C3-03A+0 199.82 345.15 345.14 76.05 15.53 4,896 2.409
C3-03B+0 206.33 345.21 345.20 75.92 20.44 3,714 2.405
C3-04A+0 191.29 345.15 345.14 77.85 8.12 9,583 2.364
C3-04B+0 193.57 345.15 345.14 77.81 11.23 6,926 2.373
C3-05A+0 194.70 345.15 345.14 77.11 15.85 4,865 2.383
C3-05B+0 195.89 345.15 345.14 78.65 14.89 5,282 2.366
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Data Tables for Design 3 Gradation Type +8
Table C 32 Design 3 Gradation +8 Cylinder Shot Data
Shot date Sample ID Amp %binder














19-Jan-06 C3-10A+8 90 5.40% 289.35 340.31 -3.56 328.42 22.5 18 25.0
19-Jan-06 C3-10B+8 90 5.40% 295.43 340.66 -2.60 327.50 22.6 18 25.0
19“Jan-06 C3-11A+8 90 5.10% 288.45 344.92 -0.22 331.76 22.6 18 25.0
19-Jan-06 C3-11B+8 90 5.10% 292.70 350.75 -0.74 332.39 22.6 18 25.0
19“Jan-06 C3-12A+8 90 5.70% 292.35 313.99 -2.94 317.31 22.6 18 25.0
19-Jan-06 C3-12B+8 90 5.70% 288.22 317.24 -4.45 316.49 22.6 18 25.0
19-Jan-06 C3-13A+8 90 4.80% 290.00 309.60 -1.03 314.17 22.6 18 25.0
19-Jan-06 C3-13B+8 90 4.80% 290.88 314.64 -3.32 315.97 22.7 18 25.0
19-Jan-06 C3-14A+8 90 4.50% 291.82 313.58 -3.25 316.87 22.7 18 25.0
19-Jan-06 C3-14B+8 90 4.50% 303.22 308.23 -2.55 313.95 22.7 18 25.0
Table C 33 Design 3 Gradation +8 Cylinder Shot Data (continued)

















C3-10A+8 71.06 514.51 125 20 22.5 18 938 71.06 0.48 71.54
C3-10B+8 70.92 514.57 125 20 22.6 18 938 70.92 0.48 71.40
C3-11A+8 70.79 514.51 125 20 22.6 18 938 70.79 0.42 71.20
03-11 B+8 70.94 514.50 125 20 22.6 18 938 70.94 0.41 71.35
03-12A+8 70.71 514.46 125 20 22.6 18 938 70.71 0.60 71.31
03-12B+8 70.99 514.41 125 20 22.6 18 938 70.99 0.59 71.58
03-13A+8 70.61 514.43 125 20 22.6 18 938 70.61 0.67 71.28
03-13B+8 70.65 514.40 125 20 22.7 18 939 70.65 0.66 71.32
03-14A+8 70.98 514.29 125 20 22.7 18 939 70.98 0.64 71.62
03-14B+8 70.79 514.45 125 20 22.7 18 939 70.79 0.70 71.48
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C3-10A+8 -3.56 -75.09 -0.25 -75.34 3.58% 345.10 72.77 13.59 5,353 2.383
C3-10B+8 -2.60 -74.00 -0.25 -74.25 4.43% 345.16 72.94 9.46 7,710 2.362
C3-11A+8 -0.22 -71.43 -0.25 -71.67 4.86% 345.16 71.12 15.07 4,718 2.370
C3-11B+8 -0.74 -72.10 -0.25 -72.34 5.19% 345.16 71.08 10.66 6,665 2.362
C3-12A+8 -2.94 -74.25 -0.25 -74.49 4.21% 345.16 76.05 14.14 5,377 2.361
C3-12B+8 -4.45 -76.04 -0.25 -76.28 4.26% 345.16 75.92 13.76 5,517 2.360
C3-13A+8 -1.03 -72.31 -0.25 -72.56 6.36% 345.16 77.85 14.37 5,419 2.344
C3-13B+8 -3.32 -74.64 -0.25 -74.88 6.74% 345.22 77.81 13.21 5,890 2.335
C3-14A+8 -3.25 -74.87 -0.25 -75.11 7.83% 345.22 77.11 14.17 5,441 2.322
C3-14B+8 -2.55 -74.03 -0.25 -74.28 8.63% 345.22 78.65 8.23 9,559 2.302
Data Tables for Design 4 Gradation Type -8 
Table C 35 Design 4 Gradation -8 Beam Center Shot Data for Normal Input Setting




















10-Apr-04 10APRBO B4113L-8 50 S14 4.50% -8.707 219.178 24.80 21.00
10-Apr-04 10APRBV B4113M-8 50 S21 4.50% -14.034 219.906 24.85 21.00
10-Apr-04 10APRBZ B4113R-8 50 S25 4.50% -9.485 225.110 24.88 21.00
10-Apr-04 10APRBR B4114L-8 50 S17 4.80% -16.532 218.178 24.77 21.00
10-Apr-04 10APRCC B4114IVI-8 50 S28 4.80% -16.834 220.881 24.82 21.00
10-Apr-04 10APRBL B4114R-8 50 S11 4.80% -10.320 219.508 24.90 21.00
10-Apr-04 10APRBE B4115L-8 50 S5 5.10% -14.483 223.989 24.70 21.00
10-Apr-04 10APRBD B4115IVI-8 50 S4 5.10% -9.636 220.440 24.72 21.00
10-Aor-04 10APRBB B4115R-8 50 S2 5.10% -11.349 222.444 24.72 21.00
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Table C 36 Design 4 Gradation -8 Beam Center Shot Data for Normal input Setting
(Continued)
















B4113L-8 73 .46 413.34 121.00 36.00 24.80 21 .00 939.05 73 .40
B 4113M -8 73.16 413.19 121.00 36.00 24.85 21 .00 939.05 73.11
B 4113R-8 73 .00 413.10 121.00 36.00 24.88 21 .00 939.05 72 .93
B4114L-8 73 .33 413.40 121.00 36.00 24.77 21 .00 939.05 73 .26
B4114M -8 72.87 413.27 121.00 36.00 24.82 21 .00 939.05 72 .80
B 4114R -8 73 .58 413.04 121.00 36.00 24.90 21 .00 939.05 73 .52
B4115L-8 73 .84 413.53 121.00 36 .00 24.70 21 .00 939.05 73 .76
B4115M -8 73.88 413.55 121.00 36.00 24.72 21 .00 939.05 73.81
B 4115R -8 73.96 413 .60 121.00 36.00 24.72 21 .00 939.05 73 .90






% A ir 
















B4113L-8 -8.71 -80.62 6.37% 346.53 346.53 76.00 219.32 25.16 3,020 2.312 2.344 6.87
B4113l\/l-8 -14.03 -85.90 6.33% 346.57 346.56 76.68 221.27 27.98 2,740 2.313 2.348 5.12
B4113R-8 -9.49 -81.17 6.10% 346.59 346.58 75.14 216.80 28.81 2,608 2.319 2.349 5.02
B4114L-8 -16.53 -88.55 5.84% 346.52 346.52 75.11 216.77 21.54 3.487 2.316 2.344 4.93
B4114M-8 -16.83 -88.16 4.30% 346.55 346.54 75.18 216.95 24.56 3,061 2.354 2.382 4.60
B4114R-8 -10.32 -82.12 4.86% 346.60 346.59 75.23 217.07 23.54 3,196 2.340 2.370 5.80
B4115L-8 -14.48 -87.24 5.44% 346.48 346.47 73.77 212.93 23.39 3,155 2.335 2.368 4.04
B4115M-8 -9.64 -81.97 5.92% 346.49 346.48 75.11 216.77 23.66 3,175 2.323 2.355 3.77
B4115R-8 -11.35 -83.77 5.55% 346.49 346.49 75.53 218.00 26.84 2,814 2.332 2.370 4.49
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Table C 38 Design 4 Gradation -8 Beam Center Shot Data for Short Input Setting





10-Apr-04 10APR04S B4113L-8 50 316 4.50% -8.30 219.53 24.60 21.00 24.6
10-Apr-04 10APR04J B4113M-8 50 S8 4.50% -13.12 219.75 24.49 21.00 24.5
10-Aor-04 10APR04H B4113R-8 50 87 4.50% -8.70 223.19 24.48 21.00 24.5
10-Apr-04 10APR04P B4114L-8 50 813 4.80% -16.09 220.84 24.55 21.00 24.6
10-Apr-04 10APR04IVI B4114M-8 50 810 4.80% -15.50 219.65 24.51 21.00 24.5
10-Apr-04 10APR04V B4114R-8 50 819 4.80% -9.81 219.58 24.65 21.00 24.6
10-Apr-04 10APRAB B4115L-8 50 825 5.10% -14.28 227.79 24.74 21.00 24.7
10-Apr-04 10APRAC B4115M-8 50 826 5.10% -9.46 220.48 24.75 21.00 24.8
10-Apr-04 10APRAE B4115R-8 50 828 5.10% -10.65 220.48 24.79 21.00 24.8
Table C 39 Design 4 Gradation -8 Beam Center Shot Data for Short input Setting 
(Continued)






B4113L-8 74.235 413.841 121 36 24.60 21.00 930 74.24
B4113M-8 74.3774 413.9738 121 36 24.49 21.00 930 74.38
B4113R-8 74.3952 413.9904 121 36 24.48 21.00 930 74.40
B4114L-8 74.2884 413.8908 121 36 24.55 21.00 930 74.29
B4114M-8 74.3418 413.9406 121 36 24.51 21.00 930 74.34
B4114R-8 74.1816 413.7912 121 36 24.65 21.00 930 74.18
B4115L-8 74.0748 413.6916 121 36 24.74 21.00 930 74.07
B4115M-8 74.057 413.675 121 36 24.75 21.00 930 74.06 .
B4115R-8 74.0214 413.6418 121 36 24.79 21.00 930 74.02
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tam tm P4 }||S fi
Q Q
B4113L-8 -8.30 -82.54 6.37% 346.42 346.42 76.00 219.40 25.08 3,030 2.312 2.344
B4113M-8 -13.12 -87.50 6.33% 346.35 346.35 76.68 221.40 27.18 2,822 2.313 2.348
B4113R-8 -8.70 -83.09 6.10% 346.34 346.34 75.14 216.95 26.15 2,874 2.319 2.349
B4114L-8 -16.09 -90.38 5.84% 346.39 346.39 75.11 216.85 23.80 3,156 2.316 2.344
B4114M-8 -15.50 -89.84 4.30% 346.36 346.36 75.18 217.07 22.77 3,301 2.354 2.382
B4114R-8 -9.81 -83.99 4.86% 346.45 346.44 75.23 217.16 22.96 3,277 2.340 2.370
B4115L-8 -14.28 -88.35 5.44% 346.50 346.50 73.77 212.91 27.01 2,731 2.335 2.368
B4115M-8 -9.46 -83.51 5.92% 346.51 346.51 75.11 216.76 23.56 3,188 2.323 2.355
B4115R-8 -10.65 -84.68 5.55% 346.53 346.53 75.53 217.97 24.81 3,044 2.332 2.370
Table C 41 Design 4 Gradation -8 Beam Auto-scan Filtered 1200 sec Duration Full 


























01-SEP-04a B 4 1 1 3 L -8 80 813LS C AN a.xis 4.50% -4.664 259.85 24.0 28.00 24.00
01-SEP-04a B4113 M-£ 80 813M S C AN a.xis 4.50% -6.471 256.03 23.9 28.00 23.90
02-Sep-05 B4113 R-8 80 813R SC A N a.xis 4.50% -5.934 262.49 23.9 28.00 23.90
01-SEP-04a B4114 L-8 80 814LSC AN a.xls 4.80% -8.867 261.58 24.1 25.00 24.10
01-SEP-04a B4114 M-£ 80 814M S C AN a.xls 4.80% -2.221 268.00 23.8 26.00 23.80
01-SEP-04a B4114 R-8 80 814R SC A N a.xls 4.80% -2.106 258.30 23.6 27.00 23.60
02-Sep-04 B4115 L-8 80 815LSC AN a.xls 5.10% -9.363 268.00 23.7 27.00 23.70
02-Sep-04 B4115 M-£ 80 815M S C AN a.xis 5.10% -5.599 259.81 23.7 27.00 23.70
02-Sep-04 B4115 R-8 80 815R SC A N a.xls 5.10% -5.033 260.61 23.6 27.00 23.60
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Table C 42 Design 4 Gradation -8 Beam Auto-scan Filtered 1200 sec Duration Full
Beam Shot Data for Normal Input Setting (Continued)
















B4113 L-8 826 80.61 452.83 121 36 24.1 24 930 80.61 0.43 81.04
B4113 M-8 8 2 5 80.57 452.83 121 36 24.2 24 930 80.57 0.44 81.01
B4113 R-8 801 80.61 453.21 121 36 23.3 25 930 80.61 0.42 81.03
B4114 L-8 822 80.59 452.83 121 36 24.1 25 930 80.59 0.42 81.01
B4114 M-8 8 1 4 80.12 452.83 121 36 23.8 26 930 80.12 0.42 80.54
B4114 R-8 813 80.13 452.83 121 36 23.6 27 930 80.13 0.42 80.55
B 4115 L-8 8 0 9 80.68 453.21 121 36 24.1 23 930 80.68 0.40 81.08
B 4115 M-8 811 80.61 453.21 121 36 24.2 23 930 80.61 0.42 81.03
B4115 R-8 8 1 0 80.84 453.21 121 36 24.1 23 930 80.84 0.42 81.26
Table C 43 Design 4 Gradation -8 Beam Auto-scan Filtered 1200 sec Duration Full 






















B4113L-8 -4.66 -85.70 1.24 -84.46 7.07% 346.18 346.17 76.00 219.55 26.57 2,860 2.312 2.344 6.87
B4113M-8 -6.47 -87.48 1.24 -86.24 7.03% 346.12 346.23 76.68 221.48 24.68 3,107 2.313 2.348 5.12
B4113R-8 -5.93 -86.96 1.48 -85.48 6.81% 346.12 345.70 75.14 217.36 26.64 2,821 2.319 2.349 5.02
B4114L-8 -8.87 -89.88 1.48 -88.40 6.50% 346.19 346.19 75.11 216.98 25.73 2,920 2.316 2.344 4.93
B4114 M-8 -2.22 -82.77 1.71 -81.05 4.97% 346.02 346.02 75.18 217.28 32.46 2,316 2.354 2.382 4.60
B4114R-8 -2.11 -82.66 1.94 -80.72 5.52% 345.92 345.92 75.23 217.49 22.96 3,276 2.340 2.370 5.80
B4115L-8 -9.36 -90.45 1.00 -89.44 5.17% 345.98 346.15 73.77 213.13 27.92 2,642 2.335 2.368 4.04
B4115 M-8 -5.60 -86.63 1.00 -85.63 5.64% 345.98 346.21 75.11 216.94 23.54 3,191 2.323 2.355 3.77
84115 R-8 -5.03 -86.29 1.00 -85.29 5.27% 345.92 346.15 75.53 218.21 25.61 2,950 2.332 2.370 4.49
Table C 44 Design 4 Gradation -8 Beam Auto-scan Unfiitered 1200 sec Duration Full 
Beam Shot Data
Shot date Sam ple
ID
A m p % File ID % b inder P4 IR (dbs) P 4 T o F
(m sec)
A ir Tem p 
C
R elative
H um id ity
%
S am ple 
Tem p C
01-8E P -04a B4113L-8 80 813L8C A N a.x ls 4.50% -4.56 259.98 24.0 28.0 24.0
01-8E P -04a B4113M -8 80 813M 8C A N a.x ls 4.50% -6.41 256.27 23.9 28.0 23.9
2-Sep-05 B4113R-8 80 813R SC A N a.xls 4.50% -6.00 262.72 23.9 28.0 23.9
01-8E P -04a B 4114L-8 80 814L8C A N a.x ls 4,80% -8.78 261.99 24.1 25.0 24.1
01-8E P -04a B4114M -8 80 814M 8C A N a.x ls 4.80% -2.18 267.88 23.8 26.0 23.8
01-8E P -04a B4114R -8 80 814R 8C A N a.x ls 4.80% -2.09 258.30 23.6 27.0 23.6
2-8ep-04 B4115L-8 80 815L8C A N a.x ls 5.10% -8.23 262.62 23.7 27.0 23.7
2-8ep-04 B4115M -8 80 815M 8C A N a.x ls 5.10% -5.61 259.86 23.7 27.0 23.7
2-Sep-04 B4115R -8 80 815R 8C A N a.x ls 5.10% -5.03 260.81 23.6 27.0 23.6
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Table C 45 Design 4 Gradation -8 Beam Auto-scan Unfiitered 1200 sec Duration Fui!
Beam Shot Data (continued)











I I! J -mc3 l i iÜ CorrectedIRair(dbs)
B4113L-8 S26 80.61 452.83 121 36 24.10 24 930 80.61 0.43 81.04
B4113M-8 S25 80.57 452.83 121 36 24.20 24 930 80.57 0.44 81.01
B4113R-8 SOI 80.61 453.21 121 36 23.30 25 930 80.61 0.42 81.03
B4114L-8 S22 80.59 452.83 121 36 24.10 25 930 80.59 0.42 81.01
B4114M-8 S14 80.12 452.83 121 36 23.80 26 930 80.12 0.42 80.54
B4114R-8 S13 80.13 452.83 121 36 23.60 27 930 80.13 0.42 80.55
B4115L-8 S09 80.68 453.21 121 36 24.10 23 930 80.68 0.40 81.08
B4115M-8 S11 80.61 453.21 121 36 24.20 23 930 80.61 0.42 81.03
B4115R-8 S10 80.84 453.21 121 36 24.10 23 930 80.84 0.42 81.26
Table C 46 Design 4 Gradation -8 Beam Auto-scan Unfiitered 1200 sec Duration Fuii 


























B4113L-8 -4.56 -85.60 1.24 -84.35 7.07% 346.18 346.17 76.00 219.56 26.71 2,846
B4113M-8 -6.41 -87.42 1.24 -86.18 7.03% 346.12 346.23 76.68 221.48 24.92 3,077
B4113R-8 -6.00 -87.03 1.48 -85.55 6.81% 346.12 345.70 75.14 217.36 26.87 2,797
B4114L-8 -8.78 -89.79 1.48 -88.31 6.50% 346.19 346.19 75.11 216.98 26.14 2,873
B4114M-8 -2.18 -82.72 1.71 -81.01 4.97% 346.02 346.02 75.18 217.28 32.33 2,325
B4114R-8 -2.09 -82.65 1.94 -80.70 5.52% 345.92 345.92 75.23 217.49 22.97 3,276
B4115L-8 -8.23 -89.31 1.00 -88.31 5.17% 345.98 346.15 73.77 213.13 22.54 3,273
B4115M-8 -5.61 -86.64 1.00 -85.64 5.64% 345.98 346.21 75.11 216.94 23.59 3,184
B4115R-8 -5.03 -86.29 1.00 -85.28 5.27% 345.92 346.15 75.53 218.21 25.81 2,927
Table C 47 Design 4 Gradation -8 Beam Auto-scan Filtered 650 sec Duration Fuii 
Beam Shot Data










30-Aug-04 B4110L+8 80 L110SCAN650.XLS 4.50% -9.710 277.334 24.0 27 24
30-Aug-04 B4110M+E 80 VI110SCAN650.XL5 4.50% -11.502 271.991 23.9 28 23.9
30-Aug-04 B4110R+8 80 R110SCAN650.XLS 4.50% -11.547 278.824 23.9 28 23.9
30-Auq-04 B4111L+8 80 L111SCAN650.XLÏ 4.80% -13.160 274.972 23.8 27 23.8
30-Aug-04 B4111M+£ 80 VI111SCAN650.XL; 4.80% -10.581 283.497 23.5 27 23.5
30-Aug-04 B4111R+E 80 R111SCAN650.XLÎ 4.80% -8.573 278.150 23.5 27 23.5
30-Aug-04 B4112L+8 80 L112SCAN650.XLS 5.10% -14.021 286.216 23.7 27 23.7
30-Aug-04 B4112M+Î 80 Vt112SCAN650.XL; 5.10% -11.308 271.135 23.7 27 23.7
30-Aug-04 B4112R+8 80 R112SCAN650.XLÎ 5.10% -10.855 273.907 23.6 27 23.6
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Table C 48 Design 4 Gradation -8 Beam Auto-scan Filtered 650 sec Duration Fuii
Beam Shot Data (continued)
S am ple ID File ID
P4 IR
(dbs)





















B4113 L-8 S26 71.74 473.1 116 18 24 27 930 71.74 0.26 72.00
B4113 M-8 S25 71.54 473.1 116 18 23.9 28 931 71.54 0.26 71.81
B4113 R-8 S01 72.25 473.1 116 18 23.9 28 932 72.25 0.25 72.51
B4114 L-8 S22 71.90 473.1 116 18 23.8 27 933 71.90 0.25 72.15
B4114 M-8 S14 71.46 473.1 116 18 23.5 27 934 71.46 0.25 71.71
B4114 R-8 S13 71.48 473.1 116 18 23.5 27 935 71.48 0.25 71.73
B4115 L-8 S09 71.86 473.1 116 18 23.7 27 936 71.86 0.24 72.10
B4115 M-8 S11 71.39 473.1 116 18 23.7 27 937 71.39 0.25 71.64
B4115 R-8 S10 71.46 473.1 116 18 23.6 27 938 71.46 0.26 71.72
Table C 49 Design 4 Gradation -8 Beam Auto-scan Filtered 650 sec Duration Fui! 
Beam Shot Data (continued)
S am ple ID IRc
(dbs)
i l




Vel A ir 
S AM PLE 
SH O T 
(m /s)
Vel A ir 














B4113 L-8 -9.71 -81.71 1.94 -79.77 7.07% 346.16 346.16 76.00 219.56 23.80 3,194
B4113 M-8 -11.50 -83.31 2.17 -81.14 7.03% 346.12 346.12 76.68 221.55 20.44 3,751
B4113 R-8 -11.55 -84.05 2.17 -81.88 6.81% 346.12 346.12 75.14 217.09 22.82 3,293
B 4114 L-8 -13.16 -85.31 1.94 -83.37 6.50% 346.04 346.04 75.11 217.07 18.94 3,965
B 4114 M-8 -10.58 -82.29 1.94 -80.35 4.97% 345.86 345.85 75.18 217.39 27.78 2,706
B4114 R-8 -8 .57 -80.31 1.94 -78.36 5.52% 345.86 345.85 75.23 217.53 22.58 3,331
B 4115 L-8 -14.02 -86.12 1.94 -84.18 5.17% 345.98 345.97 73.77 213.24 26.35 2,800
B 4115 M-8 -11.31 -82.95 1.94 -81.00 5.64% 345.98 345.97 75.11 217.09 15.13 4,965
B4115 R-8 -10.86 -82.57 1.94 -80.63 5.27% 345.92 345.91 75.53 218.36 19.17 3,941
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Table C 50 Design 4 Gradation -8 Beam Auto-scan Unfiitered 650 sec Duration Full 
Beam Shot Data for Normal Input Setting














30-Aug-04 B4092L+0 80.00 L092SCAN650.XLS 4.50% -13.67 270.19 23.9 28 23.9
30-Aug-04 B4113M-8 80.00 (4113SCAN650.XLÎ 4.50% -11.49 271.57 23.9 28 23.9
30-Aug-04 B4113R-8 80.00 R113SCAN650.XLS 4.50% -12.47 279.11 23.9 28 23.9
30-Aug-04 B4114L-8 80.00 L114SCAN650.XLS 4.80% -14.31 275.45 23.8 27 23.8
30-Aug-04 B4114M-8 80.00 VI114SCAN650.XLE 4.80% -10.79 283.37 23.5 27 23.5
30-Aug-04 B4114R-8 80.00 R114SCAN650.XLÎ 4.80% -8.77 278.18 23.5 27 23.5
1-Sep-04 B4115L-8 80.00 L115SCAN650.XLE 5.10% -15.15 286.56 23.7 27 23.7
1-Sep-04 B4115M-8 80.00 VI115SCAN650.XLÎ 5.10% -11.69 272.88 23.7 27 23.7
1-Sep-04 B4115R-8 80.00 R115SCAN650.XLÎ 5.10% -10.98 273.80 23.6 27 23.6
Table C 51 Design 4 Gradation -8 Beam Auto-scan Unfiltered 650 sec Duration Fuii 
Beam Shot Data for Normal input Setting (continued)










I 11 IRair uncorrect ed (dbs) GapCorrection(dbs) CorrectedIRair(dbs)
B4092L+0 72.17 473.10 116.00 18.00 23.90 28.00 930.00 72.17 0.26 72.43
B4113M-8 71.54 473.10 116.00 18.00 23.90 28.00 931.00 71.54 0.26 71.81
B4113R-8 72.25 473.10 116.00 18.00 23.90 28.00 932.00 72.25 0.25 72.51
B4114L-8 71.90 473.10 116.00 18.00 23.80 27.00 933.00 71.90 0.25 72.15
B4114M-8 71.46 473.10 116.00 18.00 23.50 27.00 934.00 71.46 0.25 71.71
B4114R-8 71.48 473.10 116.00 18.00 23.50 27.00 935.00 71.48 0.25 71.73
B4115L-8 71.86 473.10 116.00 18.00 23.70 27.00 936.00 71.86 0.24 72.10
B4115M-8 71.39 473.10 116.00 18.00 23.70 27.00 937.00 71.39 0.25 71.64
B4115R-8 71.46 473.10 116.00 18.00 23.60 27.00 938.00 71.46 0.26 71.72
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Table C 52 Design 4 Gradation -8 Beam Auto-scan Unfiitered 650 sec Duration Full

































B4092L+0 -13.67 -86.09 2.17 -83.92 7.07% 346.12 346.12 76.00 219.587 16.677 4,557
B4113M-8 -11.49 -83.30 2.17 -81.13 7.03% 346.12 346.12 76.68 221.550 20.022 3,830
B4113R-8 -12.47 -84.98 2.17 -82.81 6.81% 346.12 346.12 75.14 217.092 23.105 3,252
B4114L-8 -14.31 -86.46 1.94 -84.52 6.50% 346.04 346.04 75.11 217.068 19.421 3,868
B4114M-8 -10.79 -82.50 1.94 -80.56 4.97% 345.86 345.86 75.18 217.385 27.651 2,719
B4114R-8 -8.77 -80.50 1.94 -78.56 5.52% 345.86 345.86 75.23 217.532 22.612 3,327
B4115L-8 -15.15 -87.25 1.94 -85.31 5.17% 345.98 345.98 73.77 213.235 26.692 2,764
B4115M-8 -11.69 -83.33 1.94 -81.39 5.64% 345.98 345.98 75.11 217.089 16.869 4,452
B4115R-8 -10.98 -82.70 1.94 -80.75 5.27% 345.92 345.92 75.53 218.358 19.059 3,963
Table C 53 - Design 4 Gradation -8 Beam Center Shot 90% Amplitude Shot Data













17-Apr-04 B4113L-8 90 S06M1 .TXT/4 4.50% -7.28 180.20 24.00 19.00 24.00
17-Apr-04 B4113M-8 90 S25M3.TXT/3 4.50% -7.12 181.85 24.40 19.00 24.40
17-Apr-04 B4113R-8 90 S29M4.TXT/3 4.50% -4.69 185.72 24.40 19.00 24.40
17-Apr-04 B4114L-8 90 S20M6.TXT/3 4.80% -11.39 184.99 24.30 19.00 24.30
17-Apr-04 B4114M-8 90 S32M4.TXT/3 4.80% -8.79 183.20 24.40 19.00 24.40
17-Apr-04 B4114R-8 90 S07M1 .TXT/3 4.80% -6.37 181.18 24.00 19.00 24.00
17-Apr-04 B4115L-8 90 S14M04 5.10% -6.62 186.52 24.10 19.00 24.10
17-Apr-04 B4115M-8 90 S15M03 5.10% -8.85 183.40 24.10 19.00 24.10
17-Apr-04 B4115R-8 90 S18M03 5.10% -4.71 183.68 24.10 19.00 24.10
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Table C 54 - Design 4 Gradation -8 Beam Center Shot 90% Am plitude Shot Data
(continued)











B4113L-8 74.68 376.83 121 36 24.4 19 930 75.21
B4113M-8 74.75 377.31 121 36 24.4 19 930 75.30
B4113R-8 74.87 377.31 121 36 24.4 19 930 75.39
B4114L-8 74.89 376.90 121 36 24.3 19 930 75.40
B4114M-8 74.97 377.31 121 36 24.4 19 930 75.48
B4114R-8 74.76 376.83 121 36 24 19 930 75.28
B4115L-8 75.08 377.26 121 36 24.1 19 930 75.56
84115M-8 75.16 377.26 121 36 24.1 19 930 75.67
B4115R-8 75.12 376.90 121 36 24.3 19 930 75.64
Table C 55 Design 4 Gradation -8 Beam Center Shot 90% Amplitude Shot Data 
(continued)

















B4113L-8 -7.28 -82.49 7.07% 346.02 346.26 76.00 219.496 22.872 3,323
B4113M-8 -7.12 -82.40 7.03% 346.26 346.26 76.68 221.460 25.991 2,950
B4113R-8 -4.69 -80.06 6.81% 346.26 346.26 75.14 217.004 25.413 2,957
B4114L-8 -11.39 -86.78 6.50% 346.20 346.20 75.11 216.968 25.055 2,998
B4114M-8 -8.79 -84.26 4.97% 346.26 346.26 75.18 217.132 23.013 3,267
B4114R-8 -6.37 -81.64 5.52% 346.02 346.02 75.23 217.430 21.785 3,453
B4115L-8 -6.62 -82.17 5.17% 346.08 346.08 73.77 213.172 22.434 3,288
B4115M-8 -8.85 -84.51 5.64% 346.08 346.08 75.11 217.025 23.165 3,242
B4115R-8 -4.71 -80.34 5.27% 346.08 346.20 75.53 218.179 24.952 3,027
291
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Data Tables for Design 4 Gradation Type +0 
Table C 56 - Design 4 Gradation +0 Beam Center Shot Data for Normal Input Setting
Shot date SHOT FILE Sample ID Amp File ID % binder P4 IR P 4ToF A ir Temp Humidity SampleTemp
10-Apr-04 10APRBX B4092L+0 50 S23 5.00% -12.92 220.87 24.76 21.00 939.0
10-Apr-04 10APRBM B4092M+0 50 S12 5.00% -9.88 216.61 24.78 21.00 939.0
10-Apr-04 10APRBK B4092R+0 50 S10 5.00% -8.47 222.97 24.87 21.00 939.0
10-Apr-04 10APRBY B4093L+0 50 S24 5.30% -13.52 226.96 24.84 21.00 939.0
10-Apr-04 10APRBW B4093M+0 50 S22 5.30% -9.57 220.69 24.86 21.00 939.0
10-Apr-04 10APRBU B4093R+0 50 S20 5.30% -7.64 221.34 24.88 21.00 939.0
10-Apr-04 10APRBJ B4118L+0 50 S9 4.70% -8.79 227.28 24.76 21.00 939.0
10-Apr-04 10APRBA B4118IVI+0 50 S1 4.70% -4.63 222.72 24.69 21.00 939.0
10-Apr-04 10APRBQ B4118R+0 50 S16 4.70% -3.64 222.40 24.81 21.00 939.0
Table C 57 - Design 4 Gradation +0 Beam Center Shot Data for Normal input Setting 
(Continued)
Sample ID P4 IR P4ToF Freq(Khz) BW Temp C
è-TJ
E3I !! 1goO
B4092L+0 73.08 413.15 121.00 36.00 24.76 21.00 939.05 73.03
B4092M+0 73.54 413.38 121.00 36.00 24.78 21.00 939.05 73.49
B4092R+0 73.63 413.43 121.00 36.00 24.87 21.00 939.05 73.56
B4093L+0 73.04 413.12 121.00 36.00 24.84 21.00 939.05 72.96
B4093M+0 73.12 413.17 121.00 36.00 24.86 21.00 939.05 73.05
B4093R+0 73.21 413.21 121.00 36.00 24.88 21.00 939.05 73.14
B4118L+0 73.67 413.45 121.00 36.00 24.76 21.00 939.05 73.59
B4118M+0 74.00 413.62 121.00 36.00 24.69 21.00 939.05 73.93
B4118R+0 73.37 413.30 121.00 36.00 24.81 21.00 939.05 73.30
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Table C 58 - Design 4 Gradation +0 Beam Center Shot Data for Normal Input Setting
(Continued)






Vel A ir 
S AM PLE 
S HOT 
(m /s)
V el A ir 








tm P4 1 D ensity(g/cc)corelok DensitySSD(g/cc)
B4092L+0 -12.92 -84.46 8.93% 346.51 346.51 76.85 221.79 29.521 2,603 2.249 2.275
B4092M +0 -9.88 -82.12 7.08% 346.52 346.52 76.68 221.27 24.505 3,129 2.295 2.331
B4092R+0 -8.47 -80.79 5.44% 346.58 346.57 75.49 217.81 27.364 2,759 2.335 2.364
B4093L+0 -13.52 -85.25 5.53% 346.56 346.56 74.32 214.45 28.292 2,627 2.324 2.350
B4093M+0 -9.57 -81.14 5.16% 346.57 346.57 74.76 215.73 23.254 3,215 2.333 2.362
B4093R+0 -7.64 -79.06 4.88% 346.58 346.58 75.22 217.02 25.152 2,990 2.340 2.363
B4118L+0 -8.79 -81.38 5.83% 346.51 346.51 74.29 214.39 28.224 2,632 2.325 2.354
B4118M+0 -4.63 -77.08 3.95% 346.47 346.47 74.55 215.17 24.267 3,072 2.372 2.395
B4118R+0 -3.64 -75.46 2.78% 346.54 346.54 73.91 213.29 22.396 3,300 2.401 2.429
Table C 59 - Design 4 Gradation +0 Beam Center Shot Data for Short Input Setting
S h o t da te S H O T  FILE S am p le  ID A m p File ID
%
b ind e r
P4 IR P 4 T o F
A ir





S am p le
T e m p
10 -A pr-04 10A P R 04F B 409 2L+0 50 S 5 5.00% -14 .68 223 .65 24 .45 2 1 .00 2 4 .4
10 -A pr-04 10A P R 04U B 4092M +0 50 S 18 5.00% -9 .68 216 .78 2 4 .63 21 .00 24 .6
10-A p r-04 10 A P R 04W B 409 2R +0 50 S 20 5 .00% -8 .23 220 .12 2 4 .66 21 .00 2 4 .7
10-A p r-04 10A P R 04E B 409 3L+0 50 S4 5.30% -13.45 227.01 2 4 .43 2 1 .00 24 .4
10 -A pr-04 10 A P R 04D B 409 3M + 0 50 S3 5.30% -8.81 2 2 0 .22 24 .42 21 .00 24 .4
10 -A pr-04 10A P R 04C B 409 3R +0 50 S 2 5.30% -8 .40 221.61 24 .40 21 .00 2 4 .4
10 -A pr-04 10 A P R 04X B 411 8L+ 0 50 S21 4 .7 0% -9 .42 229 .80 2 4 .68 2 1 .00 24 .7
10 -A pr-04 10A P R A F B 4118M +0 50 S 29 4 .7 0% -5 .34 222 .72 2 4 .80 21 .00 2 4 .8
10-A p r-04 10A P R 04Q B 411 8R + 0 50 S 14 4 .70% -3 .53 222.71 24 .57 21 .00 24 .6
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Table C 60 - Design 4 Gradation +0 Beam Center Shot Data for Short Input Setting
(continued)





B4092L+0 74.43 414.02 121 36 24.45 21 930 74.38
B4092M+0 74.20 413.81 121 36 24.63 21 930 74.14
B4092R+0 74.16 413.77 121 36 24.66 21 930 74.10
B4093L+0 74.45 414.04 121 36 24.43 21 930 74.38
B4093M+0 74.47 414.06 121 36 24.42 21 930 74.40
B4093R+0 74.48 414.07 121 36 24.40 21 930 74.42
B4118L+0 74.15 413.76 121 36 24.68 21 930 74.07
B4118M+0 74.00 413.63 121 36 24.80 21 930 73.93
B4118R+0 74.27 413.87 121 36 24.57 21 930 74.19




































B4092L+0 -14.68 -87.58 8.93% 346.33 346.33 76.85 221.912 31.539 2.437 2.249 2.275 5.68
B4092M+0 -9.68 -82.58 7.08% 346.44 346.43 76.68 221.330 24.306 3.155 2.295 2.331 4.88
B4092R+0 -8.23 -81.09 5.44% 346.46 346.45 75.49 217.890 24.231 3.115 2.335 2.364 5.71
B4093L+0 -13.45 -86.58 5.53% 346.32 346.31 74.32 214.604 27.571 2.696 2.324 2.350 5.46
B4093M+0 -8.81 -81.73 5.16% 346.31 346.30 74.76 215.893 22.055 3.390 2.333 2.362 5.40
B4093R+0 -8.40 -81.11 4.88% 346.30 346.30 75.22 217.201 24.741 3,040 2.340 2.363 5.16
B4118L+0 -9.42 -82.49 5.83% 346.47 346.46 74.29 214.421 30.460 2.439 2.325 2.354 4.18
B4118M+0 -5.34 -77.79 3.95% 346.54 346.54 74.55 215.126 24.217 3.078 2.372 2.395 4.57
B4118R+0 -3.53 -76.24 2.78% 346.40 346.40 73.91 213.379 22.211 3.328 2.401 2.429 6.07
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Table C 62 - Design 4 Gradation +0 Beam Auto-scan Filtered 1200 sec Duration Fuii

































02-Sep-04 B4 092 L+0 80 092LSCANa.xls 5.00% -7.13 257.28 2.40 4.06 23.4 25.0 23.4
01-SEP-04a B4 092 M+0 80 092M SCANa.xls 5.00% -3.26 257.90 2.25 2.19 24.1 24.0 24.1
01-SEP-04a B4 092 R+0 80 092RSCANa.xls 5.00% -2.41 260.04 1.59 1.66 24.2 24.0 24.2
01-SEP-04a B4 093 L+0 80 093LSCANa.xls 5.30% -5.13 264.31 1.86 3.09 24.1 24.0 24.1
01-SEP-04a B4 093 M+0 80 093M SCANa.xls 5.30% -3.41 261.78 1.79 2.15 24.0 25.0 24.0
01-SEP-04a B4 093 R+0 80 093RSCANa.xls 5.30% -2.13 260.23 1.30 1.96 23.9 26.0 23.9
02-Sep-04 B4 118 L+0 80 018LSCANa.xls 4.70% -3.87 263.48 1.30 2.07 24.2 23.0 24.2
02-Sep-04 B4 118 M+0 80 018M SCANa.xls 4.70% 0.70 262.51 1.11 1.67 23.6 25.0 23.6
02-Sep-04 B4 118 R+0 80 018RSCANa.xls 4.70% 1.93 262.05 1.22 1.45 23.6 25.0 23.6
Table C 63 - Design 4 Gradation +0 Beam Auto-scan Filtered 1200 sec Duration Fuii 















B4 092 L+0 80.82 453.21 121.00 36.00 23.40 25.00 930.00 81.26
B4 092 M+0 80.57 452.83 121.00 36.00 24.10 24.00 930.00 81.01
B4 092 R+0 80.66 452.83 121.00 36.00 24.20 24.00 930.00 81.08
84 093 L+0 80.56 452.83 121.00 36.00 24.10 24.00 930.00 80.97
B4 093 M+0 80.03 452.83 121.00 36.00 24.00 25.00 930.00 80.44
B4 093 R+0 79.86 452.83 121.00 36.00 23.90 26.00 930.00 80.28
B4 118 L+0 80.61 453.21 121.00 36.00 24.20 23.00 930.00 81.02
B4 118 M+0 80.61 453.21 121.00 36.00 23.60 25.00 930.00 81.02
84 118 R+0 80.43 453.21 121.00 36.00 23.60 25.00 930.00 80.84
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Table C 64 - Design 4 Gradation +0 Beam Auto-scan Filtered 1200 sec Duration Full



















B4 092 L+0 -7.13 -86.91 8.93% 345.76 345.75 76.85 222.27 26.35 2,917
B4 092 M+0 -3.26 -83.02 7.08% 346.17 346.15 76.68 221.50 26.57 2,886
B4 092 R+0 -2.41 -82.25 5.44% 346.23 346.21 75.49 218.03 25.24 2,990
B4 093 L+0 -5.13 -84.86 5.53% 346.17 346.15 74.32 214.69 26.17 2,839
B4 093 M+0 -3.41 -82.38 5.16% 346.13 346.11 74.76 216.01 24.96 2,996
B4 093 R+0 -2.13 -80.70 4.88% 346.08 346.07 75.22 217.34 24.73 3,041
B4 118 L+0 -3.87 -83.88 5.83% 346.21 346.20 74.29 214.58 24.84 2,990
B4 118 M+0 0.70 -78.83 3.95% 345.88 345.87 74.55 215.53 24.83 3,002
B4 118 R+0 1.93 -77.43 2.78% 345.88 345.87 73.91 213.70 22.53 3,280
Table C 65 - Design 4 Gradation +0 Beam Auto-scan Unfiitered 1200 sec Duration Fuii 
Beam Shot Data for Normal input Setting












02-Sep-04 B4092L+0 80 092LSCANa.xls 5.00% -6.50 256.45 23.4 25.0 23.4
01-SEP-04a B4092M+0 80 092MSCANa.xls 5.00% -1.73 257.37 24.1 24.0 24.1
01-SEP-04a B4092R+0 80 092RSCANa.xls 5.00% -2.45 260.18 24.2 24.0 24.2
01-SEP-04a B4093L+0 80 093LSCANa.xls 5.30% -4.95 264.65 24.1 24.0 24.1
01-SEP-04a B4093M+0 80 093MSCANa.xls 5.30% -3.40 261.86 24.0 25.0 24.0
01-SEP-04a B4093R+0 80 093RSCANa.xls 5.30% -2.13 260.21 23.9 26.0 23.9
02-Sep-04 B4118L+0 80 018LSCANa.xls 4.70% -3.87 263.46 24.2 23.0 24.2
02-Sep-04 B4118M+0 80 018MSCANa.xls 4.70% 0.70 262.51 23.6 25.0 23.6
02-Sep-04 B4118R+0 80 018RSCANa.xls 4.70% 1.93 262.05 23.6 25.0 23.6
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Table C 66 - Design 4 Gradation +0 Beam Auto-scan Unfiitered 1200 sec Duration Fuii
Beam Shot Data for Normal input Setting (continued)
Shot date Sample ID P4 IR P4 ToF Freq(Khz) BW Temp C
■o
E3
X II0 - 5 |io
2-Sep-04 B4092L+0 80.82 453.21 121.00 36.00 23.40 25.00 930.00 81.26
01-SEP-04a B4092M+0 80.57 452.83 121.00 36.00 24.10 24.00 930.00 81.01
01-SEP-04a B4092R+0 80.66 452.83 121.00 36.00 24.20 24.00 930.00 81.08
01-SEP-04a B4093L+0 80.56 452.83 121.00 36.00 24.10 24.00 930.00 80.97
01-SEP-04a B4093M+0 80.03 452.83 121.00 36.00 24.00 25.00 930.00 80.44
01-SEP-04a B4093R+0 79.86 452.83 121.00 36.00 23.90 26.00 930.00 80.28
2-Sep-04 B4118L+0 80.61 453.21 121.00 36.00 24.20 23.00 930.00 81.02
2-Sep-04 B4118M+0 80.61 453.21 121.00 36.00 23.60 25.00 930.00 81.02
2-Sep-04 B4118R+0 80.43 453.21 121.00 36.00 23.60 25.00 930.00 80.84
Table C 67 - Design 4 Gradation +0 Beam Auto-scan Unfiitered 1200 sec Duration Full 
Beam Shot Data for Normal Input Setting (continued)






















B4092L+0 -6.50 -86.28 8.93% 345.76 345.7 76.85 222.276 25.515 3,012
B4092M+0 -1.73 -81.49 7.08% 346.17 346.2 76.68 221.501 26.040 2,945
B4092R+0 -2.45 -82.29 5.44% 346.23 346.2 75.49 218.032 25.381 2,974
B4093L+0 -4.95 -84.68 5.53% 346.17 346.2 74.32 214.695 26.516 2,803
B4093M+0 -3.40 -82.36 5.16% 346.13 346.1 74.76 216.006 25.033 2,987
B4093R+0 -2.13 -80.70 4.88% 346.08 346.1 75.22 217.336 24.719 3,043
B4118L+0 -3.87 -83.88 5.83% 346.21 346.2 74.29 214.577 24.823 2,993
B4118M+0 0.70 -78.83 3.95% 345.88 345.9 74.55 215.533 24.832 3,002
B4118R+0 1.93 -77.43 2.78% 345.88 345.9 73.91 213.697 22.534 3,280
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Table C 68 - Design 4 Gradation +0 Beam Auto-scan Filtered 650 sec Duration Fuii
Beam Shot Data for Normal input Setting (continued)





30-Aug-04 B4092L+0 80 L092SCAN650.XLS 5.00% -12.14 270.13 23.9 28.0 23.9
30-Aug-04 B4092M+0 80 M092SCAN650.XLS 5.00% -9.26 275.50 23.9 28.0 23.9
30-AUQ-04 B4092R+0 80 R092SCAN650.XLS 5.00% -7.08 277.94 24.0 28.0 24.0
30-Aug-04 B4093L+0 80 L093SCAN650.XLS 5.30% -10.35 278.73 24.0 27.0 24.0
30-Aug-04 B4093M+0 80 M093SCAN650.XLS 5.30% -7.77 278.83 23.7 27.0 23.7
30-Aug-04 B4093R+0 80 R093SCAN650.XLS 5.30% -5.99 276.54 23.7 27.0 23.7
01-Sep-04 B4118L+0 80 L118SCAN650.XLS 4.70% -10.64 274.61 23.6 27.0 23.6
01-Sep-04 B4118M+0 80 M118SCAN650.XLS 4.70% -6.87 273.18 23.6 27.0 23.6
01-Sep-04 B4118R+0 80 R118SCAN650.XLS 4.70% -6.14 272.49 23.4 27.0 23.4
Table C 69 - Design 4 Gradation +0 Beam Auto-scan Filtered 650 sec Duration Full 
Beam Shot Data for Normal input Setting (continued)





B4092L+0 72.17 473.10 116.00 18.00 23.90 28.00 930.00 72.44
B4092M+0 72.02 473.10 116.00 18.00 23.90 28.00 930.00 72.28
B4092R+0 71.71 473.10 116.00 18.00 24.00 28.00 930.00 71.97
B4093L+0 71.71 473.10 116.00 18.00 24.00 27.00 930.00 71.96
B4093M+0 71.88 473.10 116.00 18.00 23.70 27.00 930.00 72.13
B4093R+0 71.34 473.10 116.00 18.00 23.70 27.00 930.00 71.59
B4118L+0 70.69 473.10 116.00 18.00 23.60 27.00 930.00 70.94
B4118M+0 71.00 473.10 116.00 18.00 23.60 27.00 930.00 71.25
B4118R+0 71.45 473.10 116.00 18.00 23.40 27.00 930.00 71.70
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Table C 70 Design 4 Gradation +0 Beam Auto-scan Filtered 650 sec Duration Fuii
Beam Shot Data for Normal input Setting (continued)






















B4092L+0 -12.14 -82.40 8.93% 346.12 346.1 76.85 222.047 19.080 4,028
B4092M+0 -9.26 -79.37 7.08% 346.12 346.1 76.68 221.533 23.938 3,203
B4092R+0 -7.08 -76.88 5.44% 346.18 346.2 75.49 218.064 22.907 3.295
B4093L+0 -10.35 -80.36 5.53% 346.16 346.1 74.32 214.700 20.334 3,655
B4093M+0 -7.77 -77.96 5.16% 345.98 346.0 74.76 216.098 21.830 3,425
B4093R+0 -5.99 -75.64 4.88% 345.98 346.0 75.22 217.401 20.841 3,609
B4118L+0 -10.64 -79.64 5.83% 345.92 345.9 74.29 214.759 16.267 4,567
B4118M+0 -6.87 -76.17 3.95% 345.92 345.9 74.55 215.512 15.593 4,781
B4118R+0 -6.14 -75.89 2.78% 345.80 345.8 73.91 213.751 13.137 5,626
Table C 71 - Design 4 Gradation +0 Beam Auto-scan Unfiitered 650 sec Duration Fuii 
Beam Shot Data for Normal Input Setting






30-AUQ-04 B4092L+0 80 L092SCAN650.XLS 5.00% -13.67 270.19 23.9 28.0 23.9
30-Aua-04 B4092M+0 80 M092SCAN650.XLS 5.00% -9.72 274.61 23.9 28.0 23.9
30-AUO-04 B4092R+0 80 R092SCAN650.XLS 5.00% -7.34 277.97 24.0 28.0 24.0
30-Aug-04 B4093L+0 80 L093SCAN650.XLS 5.30% -11.17 275.81 24.0 27.0 24.0
30-Aua-04 B4093M+0 80 VI093SCAN650.XLS 5.30% -7.86 278.85 23.7 27.0 23.7
30-Aug-04 B4093R+0 80 R093SCAN650.XLS 5.30% -5.99 276.54 23.7 27.0 23.7
01-Sep-04 B4118L+0 80 L118SCAN650.XLS 4.70% -11.15 273.78 23.6 27.0 23.6
01-Sep-04 B4118M+0 80 M118SCAN650.XLS 4.70% -7.24 273.25 23.6 27.0 23.6
01-Sep-04 B4118R+0 80 R118SCAN650.XLS 4.70% -6.16 272.32 23.4 27.0 23.4
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Table C 72 - Design 4 Beam Auto-scan Unfiitered 650 sec Duration Fuii Beam Shot 
Data for Gradation +0 for Normal input Setting (continued)








B4092L+0 72.17 473.10 116.00 18.00 23.90 28.00 930.00 72.44
B4092M+0 72.02 473.10 116.00 18.00 23.90 28.00 930.00 72.28
B4092R+0 71.71 473.10 116.00 18.00 24.00 28.00 930.00 71.97
B4093L+0 71.71 473.10 116.00 18.00 24.00 27.00 930.00 71.96
B4093M+0 71.88 473.10 116.00 18.00 23.70 27.00 930.00 72.13
B4093R+0 71.34 473.10 116.00 18.00 23.70 27.00 930.00 71.59
B4118L+0 70.69 473.10 116.00 18.00 23.60 27.00 930.00 70.94
B4118M+0 71.00 473.10 116.00 18.00 23.60 27.00 930.00 71.25
B4118R+0 71.45 473.10 116.00 18.00 23.40 27.00 930.00 71.70
Table C 73 Design 4 Beam Auto-scan Unfiitered 650 sec Duration Fuii Beam Shot Data 
for Gradation +0 for Normal input Setting (continued)





















B4092L+0 -13.67 -83.93 8.93% 346.12 346.1 76.85 222.047 19.137 4,016
B4092M+0 -9.72 -79.83 7.08% 346.12 346.1 76.68 221.533 23.045 3,327
B4092R+0 -7.34 -77.14 5.44% 346.18 346.2 75.49 218.064 22.933 3,292
B4093L+0 -11.17 -81.19 5.53% 346.16 346.1 74.32 214.700 17.411 4,269
B4093M+0 -7.86 -78.05 5.16% 345.98 346.0 74.76 216.098 21.852 3,421
B4093R+0 -5.99 -75.64 4.88% 345.98 346.0 75.22 217.401 20.841 3,609
B4118L+0 -11.15 -80.14 5.83% 345.92 345.9 74.29 214.759 15.442 4,811
B4118M+0 -7.24 -76.54 3.95% 345.92 345.9 74.55 215.512 15.666 4,759
B4118R+0 -6.16 -75.91 2.78% 345.80 345.8 73.91 213.751 12.971 5,698
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Table C 74 - Design 4 Gradation +0 Beam Center Shot 90% Am plitude Shot Data










31-May-05 B4092L+0 90 S27M2.TXT/3 5.00% -4.99 183.53 24.00 19.00 24.00
31-May-05 B4092M+0 90 S19M5.TXT/3 5.00% -5.96 181.78 24.30 19.00 24.30
17-Apr-04 B4092R+0 90 S08M1.TXT/3 5.00% -5.25 185.18 24.00 19.00 24.00
17-Apr-04 B4093L+0 90 S28M4.TXT/3 5.30% -6.00 184.38 24.40 19.00 24.40
17-Apr-04 B4093M+0 90 S26M1.TXT/3 5.30% -7.08 186.37 24.40 19.00 24.40
17-Apr-04 B4093R+0 90 S24M2.TXT/3 5.30% -5.30 189.39 24.40 19.00 24.40
17-Apr-04 B4118L+0 90 S09M3.TXT/3 4.70% -1.48 189.39 24.40 19.00 24.40
17-Apr-04 B4118M+0 90 S02M1.TXT/3 4.70% -4.55 188.08 24.40 19.00 24.40
17-Apr-04 B4118R+0 90 S03M1.TXT/3 4.70% -5.28 185.91 24.00 19.00 24.00
Table C 75 - Design 4 Gradation +0 Beam Center Shot 90% Amplitude Shot Data 
(continued)








B4092L+0 74.45 377.93 121 36 24 19 930 75.00
B4092M+0 75.24 376.90 121 36 24.3 19 930 75.78
B4092R+0 75.00 376.83 121 36 24 19 930 75.52
B4093L+0 74.93 377.31 121 36 24.4 19 930 75.43
B4093M+0 75.00 377.31 121 36 24.4 19 930 75.50
B4093R+0 74.65 377.31 121 36 24.4 19 930 75.17
B4118L+0 75.00 377.31 121 36 24.4 19 930 75.49
B4118M+0 74.90 377.31 121 36 24.4 19 930 75.40
B4118R+0 74.92 376.83 121 36 24 19 930 75.41
301
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


























B4092L+0 -4.99 -79.98 8.93% 346.02 346.02 76.85 222.11 27.71 2,774
B4092M+0 -5.96 -81.73 7.08% 346.20 346.20 76.68 221.48 26.36 2,909
B4092R+0 -5.25 -80.76 5.44% 346.02 346.02 75.49 218.16 26.52 2,847
B4093L+0 -6.00 -81.42 5.53% 346.26 346.26 74.32 214.64 21.70 3,424
B4093M+0 -7.08 -82.57 5.16% 346.26 346.26 74.76 215.92 24.98 2,994
B4093R+0 -5.30 -80.46 4.88% 346.26 346.26 75.22 217.22 29.30 2,567
B4118L+0 -1.48 -76.97 5.83% 346.26 346.26 74.29 214.55 26.62 2,791
B4118M+0 -4.55 -79.95 3.95% 346.26 346.26 74.55 215.30 26.07 2,860
B4118R+0 -5.28 -80.68 2.78% 346.02 346.02 73.91 213.61 22.69 3,257
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Data Tables for Design 4 Gradation Type +8 
Table C 77 - Design 4 Gradation +8 Beam Center Shot Data for Normal Input Setting
S hot da te S H O T  FILE S am p le  ID A m p File ID
%
b ind e r








10-A pr-04 10A P R B P B 4110L+8 50 S 15 5.00% -15.09 219 .44 24.71 21 .00 24.71
10-A pr-04 10AP R B C B 4110M +8 50 S3 5.00% -8 .44 218 .68 24 .73 21 .00 24 .73
10-A pr-04 10AP R B G B 4110R +8 50 S7 5.00% -10.04 221 .72 24 .80 21 .00 24 .80
10-A pr-04 10AP R C B B 4111L+8 50 S 27 5.00% -6 .79 22 3 .49 24 .69 21 .00 24 .69
10-A pr-04 10AP R B N B 4111M +8 50 S 13 5.30% -10.25 222 .39 24 .79 21 .00 24 .79
10-A pr-04 10A P R B S B 4111R +8 50 S 18 5.30% -8.85 22 5 .57 24 .83 21 .00 24 .83
10-A pr-04 10A P R B T B 4112L+8 50 S 19 5.30% -3 .87 226.11 24 .75 21 .00 24 .75
10-A pr-04 10A P R C A B 4112M +8 50 S 26 5.60% -6.62 226 .67 24.84 21.00 24 .84
10-A pr-04 10AP R B H B 4112R +8 50 S8 5.60% -10.09 222 .76 24 .89 21 .00 24 .89
Table C 78- Design 4 Gradation +8 Beam Center Shot Data for Normal Input Setting 
(continued)

















B4110L+8 73.42 413.32 121 36 24.71 21 939.05 73.35
B4110M+8 73.92 413.58 121 36 24.73 21 939.05 73.85
B4110R+8 73.75 413.49 121 36 24.80 21 939.05 73.68
B4111L+8 72.91 413.08 121 36 24.69 21 939.05 72.84
B4111M+8 73.50 413.06 121 36 24.79 21 939.05 73.42
B4111R+8 73.29 413.36 121 36 24.83 21 939.05 73.22
B4112L+8 73.25 413.23 121 36 24.75 21 939.05 73.16
B4112M+8 72.95 413.08 121 36 24.84 21 939.05 72.88
B4112R+8 73.71 413.47 121 36 24.89 21 939.05 73.64
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B4110L+8 -15.09 -86.96 6.93% 346.48 346.48 74.88 216.11 22.24 3,367 2.298 2.314 6.97
B4110M+8 -8.44 -81.06 4.18% 346.50 346.50 75.38 217.55 22.65 3.327 2.366 2.386 5.11
B4110R+8 -10.04 -82.47 6.67% 346.54 346.54 73.82 213.02 21.25 3.474 2.305 2.329 6.39
B4111L+8 -6.79 -78.39 6.69% 346.47 346.47 75.13 216.83 27.24 2,758 2.305 2.353 8.48
B4111M+8 -10.25 -82.19 5.22% 346.53 346.53 73.86 213.13 22.46 3,288 2.331 2.385 6.3
B4111R+8 -8.85 -80.36 4.05% 346.55 346.55 75.13 216.78 28.99 2,591 2.360 2.354 5.49
B4112L+8 -3.87 -76.03 5.08% 346.50 346.50 72.61 209.54 22.41 3,240 2.335 2.407 5.17
B4112M+8 -6.62 -78.01 2.36% 346.56 346.56 73.69 212.64 26.23 2.809 2.392 2.407 8.37
B4112R+8 -10.09 -82.24 2.55% 346.59 346.59 74.49 214.91 24.20 3.078 2.388 2.309 8.14
Table C 80 - Design 4 Gradation +8 Beam Center Shot Data for Short Input Setting
S hot date S H O T FILE Sam ple ID A m p File ID % b inder P4 IR P 4 T o F A ir
Tem p
H um id ity Sam ple
Tem p
10-Apr-04 10APR04R B 4110L+8 50 S15 5.00% -14.97 217.37 24.59 21.00 24.59
10-Apr-04 10APRAD B4110M +8 50 S27 5.00% -8.42 223.03 24.77 21.00 24.77
10-Apr-04 10APR 04Z B4110R+8 50 S23 5.00% -9.63 223.13 24.71 21.00 24.71
10-Apr-04 10APRK B4111L+8 50 S9 5.30% -6.33 222.99 24.39 21.00 24.39
10-Apr-04 10APR04T B4111M +8 50 S17 5.30% -10.64 225.34 24.62 21.00 24.62
10-Apr-04 10A P R 040 B4111R+8 50 S12 5.30% -10.48 225.16 24.54 21.00 24.54
10-Apr-04 10APR04N B 4112L+8 50 S11 5.30% -3.89 226.33 24.52 21.00 24.52
10-Apr-04 10APR04G B4112M +8 50 S6 5.60% -6.32 227.01 24.46 21.00 24.46
10-Apr-04 10APR 04Y B4112R +8 50 S22 5.60% -10.04 222.65 24.69 21.00 24.69
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Table C 81 - Design 4 Gradation +8 Beam Center Shot Data for Short Input Setting
(continued)
Stiot Date Sample ID P4 IR P4 ToF Freq(Khz) BW Temp C
-a
E3I II CorrectedIRair
10-Apr-04 B4110L+8 74.25 413.86 121 36 24.6 21 930 74.18
10-Apr-04 B4110M+8 74.04 413.66 121 36 24.8 21 930 73.97
10-Apr-04 B4110R+8 74.11 413.72 121 36 24.7 21 930 74.03
10-Apr-04 B4111L+8 74.36 413.96 121 36 24.4 21 930 74.29
10-Apr-04 B4111M+8 74.31 413.91 121 36 24.6 21 930 74.23
10-Apr-04 B4111R+8 74.22 413.82 121 36 24.5 21 930 74.15
10-Apr-04 B4112L+8 74.32 413.92 121 36 24.5 21 930 74.24
10-Apr-04 B4112M+8 74.41 414.01 121 36 24.5 21 930 74.34
10-Apr-04 B4112R+8 74.13 413.74 121 36 24.7 21 930 74.06
Table C 82 - Design 4 Gradation +8 Beam Center Shot Data for Short Input Setting
(continued)




B U LK SG
Vel A ir 
S AM PLE 
S H O T 
(m /s)






Vel a ir 
tam
tm P4
Velm  (m /s) 
use 
C a lipe r P4
B4110L+8 -14.97 -87.67 6.93% 346.41 346.41 74.88 216.16 19.673 3,806
B4110M +8 -8 .42 -81.15 4.18% 346.52 346.52 75.38 217.54 26.906 2,802
B4110R +8 -9 .63 -82.42 6.66% 346.48 346.48 73.82 213.05 22.458 3,287
B4111L+8 -6.33 -79.38 5.59% 346.29 346.29 75.13 216.95 25.986 2,891
B 4111M +8 -10.64 -83.39 4.05% 346.43 346.43 73.86 213.20 24.624 2,999
B4111R+8 -10.48 -82.91 5.06% 346.38 346.38 75.13 216.89 28.228 2,661
B4112L+8 -3.89 -77.13 2.74% 346.37 346.37 72.61 209.62 22.024 3,297
B4112M +8 -6 .32 -79.18 2.55% 346.34 346.34 73.69 212.78 25.782 2,858
B4112R +8 -10.04 -82.62 7.23% 346.47 346.47 74.49 214.98 23.886 3,118
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Table C 83 - Design 4 Gradation +8 Beam Auto-scan Filtered 1200 sec Duration Full
Beam Shot Data
S hot date S am p le  ID
A m p
%
File ID %  b inder
P4 IR 
(dbs)






^  1  
X
Q.1




01-S EP -04a B 4110L+8 80 810LS C A N a .x ls 5.00% -2.772 260.141 24.00 19.00 24.00
01-S EP -04a B 4110M +8 80 810M +S C A N a .x ls 5.00% 0.694 255.288 24.30 19.00 24.30
01-S EP -04a B 4110R +8 80 810R S C A N a.x ls 5.00% -1.546 261.305 24.00 19.00 24.00
01-S EP -04a B 4111L+8 80 811LS C A N a .x ls 5.30% -2.389 261.580 24.40 19.00 24.40
01-S EP -04a B 4111M +8 80 811M S C A N a .x ls 5.30% -2.955 266.500 24.40 19.00 24.40
01-S EP -04a B 4111R +8 80 811R S C A N a.x ls 5.30% -4 .632 265.636 24.40 19.00 24.40
01-S EP -04a B 4112L+8 80 812LS C A N a .x ls 5.60% 3.240 263.995 24.40 19.00 24.40
01-S EP -04a B 4112M +8 80 812M S C A N a .x ls 5.60% -0.389 267.159 24.40 19.00 24.40
01-S EP -04a B 4112R +8 80 812R S C A N a.x ls 5.60% -4 .444 260.461 24.00 19.00 24.00
Table C 84 - Design 4 Gradation +8 Beam Auto-scan Filtered 1200 sec Duration Full
Beam Shot Data (continued)








Temp C l lTO S
tg 1X 11
B4110L+8 821 80.48 452.83 121 36 24.1 25 930
B4110M+8 S10 80.31 452.83 121 36 23.6 27 930
B4110R+8 S11 79.93 452.83 121 36 23.6 27 930
B4111L+8 S17 80.11 452.83 121 36 23.8 26 930
B4111M+8 S16 80.29 452.83 121 36 23.8 26 930
B4111R+8 S15 79.96 452.83 121 36 23.8 26 930
B4112L+8 SOB 79.99 452.83 121 36 23.6 27 930
B4112M+8 S08 79.81 452.83 121 36 23.6 27 930
B4112R+8 S05 79.82 452.83 121 36 23.6 27 930
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Table C 85 - Design 4 Gradation +8 Beam Auto-scan Filtered 1200 sec Duration Full










B U LK S G




















B4110L+8 80.89 -2.77 -82.18 6.93% 346.02 346.19 74.88 216.3 23.6 3,172
B4110M+8 80.73 0.69 -78.09 6.66% 346.20 345.92 74.73 216.0 18.5 4,043
B4110R+8 80.35 -1.55 -79.96 4.18% 346.02 345.92 75.38 217.9 26.4 2,856
B4111L+8 80.51 -2.39 -81.18 4.05% 346.26 346.02 73.86 213.4 22.2 3,327
B4111M+8 80.70 -2.95 -81.94 5.06% 346.26 346.02 73.82 213.3 27.0 2,733
B4111R+8 80.38 -4.63 -83.30 5.22% 346.26 346.02 75.13 217.1 29.9 2,511
B4112L+8 80.39 3.24 -75.21 2.55% 346.26 345.92 73.69 213.0 24.2 3,045
B4112M+8 80.22 -0.39 -78.67 7.23% 346.26 345.92 74.49 215.3 29.7 2,512
B4112R+8 80.21 -4.44 -82.71 2.36% 346.02 345.92 72.61 209.9 17.5 4,143
Table C 86 - Design 4 Gradation +8 Beam Auto-scan Unfiitered 1200 sec Duration Full
Beam Shot Data
Shot date S am p le  ID A M P File ID % b inder
P4 IR
(dbs)
P 4 T o F
(m sec)
Q. if' œ Ü  E E
01-S EP -04a B 4110L+8 80 810LS C A N a .x ls 5.00% -2.77 260.02 24.0 19 24 .0
01-S EP -04a B 4110M +8 80 810M +S C A N a .x ls 5.00% 0.71 255.30 24.3 19 24.3
01-S EP -04a B 4110R +8 80 810R S C A N a.x ls 5.00% -1 .55 261.34 24.0 19 24 .0
01-S EP -04a B 4111L+8 80 811LS C A N a .x ls 5.30% -0.80 261.13 24.4 19 24.4
01-S EP -04a B 4111M +8 80 811M S C A N a.x ls 5.30% -2.95 266.50 24.4 19 24 .4
01-S EP -04a B 4111R +8 80 811R S C A N a.x ls 5.30% -4.64 265.64 24.4 19 24 .4
01-S EP -04a B 4112L+8 80 812LS C A N a .x ls 5.60% 3.24 264.00 24.4 19 24.4
01-S EP -04a B 4112M +8 80 812M S C A N a.x ls 5.60% -0.39 267.16 24.4 19 24.4
01-S EP -04a B 4112R +8 80 812R S C A N a.x ls 5.60% -4 .50 260.54 24.0 19 24 .0
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Table C 87 - Design 4 Gradation +8 Beam Auto-scan Unfiitered 1200 sec Duration Fuii
Beam Shot Data (continued)









^  1 
X 1!
B4110L+8 S21 80.48 452.83 121 36 24.1 25 930
B4110M+8 S10 80.31 452.83 121 36 23.6 27 930
B4110R+8 S11 79.93 452.83 121 36 23.6 27 930
B4111L+8 S17 80.11 452.83 121 36 23.8 26 930
B4111M+8 S16 80.29 452.83 121 36 23.8 26 930
B4111R+8 S15 79.96 452.83 121 36 23.8 26 930
B4112L+8 S06 79.99 452.83 121 36 23.6 27 930
B4112M+8 S08 79.81 452.83 121 36 23.6 27 930
B4112R+8 S05 79.82 452.83 121 36 23.6 27 930
Table C 88 - Design 4 Gradation +8 Beam Auto-scan Unfiitered 1200 sec Duration































B4110L+8 80.89 -2.77 -82.18 6.93% 346.02 346.19 74.88 216.3 23.6 3,172
B4110M+8 80.73 0.69 -78.09 6.66% 346.20 345.92 74.73 216.0 18.5 4,043
B4110R+8 80.35 -1.55 -79.96 4.18% 346.02 345.92 75.38 217.9 26.4 2,856
B4111L+8 80.51 -2.39 -81.18 4.05% 346.26 346.02 73.86 213.4 22.2 3,327
B4111M+8 80.70 -2.95 -81.94 5.06% 346.26 346.02 73.82 213.3 27.0 2,733
B4111R+8 80.38 -4.63 -83.30 5.22% 346.26 346.02 75.13 217.1 29.9 2,511
B4112L+8 80.39 3.24 -75.21 2.55% 346.26 345.92 73.69 213.0 24.2 3,045
B4112M+8 80.22 -0.39 -78.67 7.23% 346.26 345.92 74.49 215.3 29.7 2,512
B4112R+8 80.21 -4.44 -82.71 2.36% 346.02 345.92 72.61 209.9 17.5 4,143
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Table C 89 - Design 4 Gradation +8 Beam Auto-scan Filtered 650 sec Duration Full
Beam Shot Data
S hot date Sam ple ID
Am p
%
File ID % B inder
P4 IR
(dbs)






ilI 0) ÜI  Ew  ®
SO-Aug-OA B4110L+8 80 L110SC AN 650.XLS 5.00% -7.28 267.65 23.8 27 23.8
30-Aug-04 B4110M +8 80 M l 10SC AN 650.XL 5.00% -4.06 270.89 23.5 27 23.5
30-Aug-04 B4110R+8 80 R110SC AN650.XLS 5.00% -6.28 276.52 23.5 27 23.5
30-Aug-04 B 4111L+8 80 L111SCAN650.XLS 5.30% -6.23 278.45 23.7 27 23.7
30-Aug-04 B4111M +8 80 M 111SC AN 650.XL 5.30% -6.57 282.61 23.7 27 23.7
30-Aug-04 B4111R+8 80 R111SCAN650.XLS 5.30% -8.23 281.49 23.6 27 23.6
30-Aug-04 B4112L+8 80 L112SCAN650.XLS 5.60% -0.92 280.76 23.5 27 23.5
30-Aug-04 B4112M +8 80 M 112SC AN 650.XL 5.60% -5.89 281.73 23.5 27 23.5
30-Aug-04 B4112R+8 80 R112SCAN 650.XLS 5.60% -7.22 277.92 23.6 27 23.6
Table C 90 - Design 4 Gradation +8 Beam Auto-scan Filtered 650 sec Duration Full
Beam Shot Data (continued)
Shot Date Sample ID File ID
P4 IR
(dbs)










& 1  
I If
30-Auq-04 B4110L+8 S26 71.39 473.1 116 18 23.8 27 930
30-Auq-04 B4110M+8 S25 71.4 473.1 116 18 23.5 27 930
30-Aug-04 B4110R+8 SOI 71.51 473.1 116 18 23.5 27 930
30-Aug-04 B4111L+8 S22 71.44 473.1 116 18 23.7 27 930
30-Aug-04 B4111M+8 S14 71.67 473.1 116 18 23.7 27 930
30-Aua-04 B4111R+8 S13 71.83 473.1 116 18 23.6 27 930
30-Auq-04 B4112L+8 S09 71.5 473.1 116 18 23.5 27 930
30-Auq-04 B4112M+8 S11 71.38 473.1 116 18 23.5 27 930
30-Auq-04 B4112R+8 S10 71.51 473.1 116 18 23.6 27 930
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Table C 91 - Design 4 Gradation +8 Beam Auto-scan Filtered 650 sec Duration Full










B U LK S G




















B4110L+8 71.64 -7.28 -76.97 6.93% 346.04 346.04 74.88 216.4 10.9 6,846
B4110M+8 71.65 -4.06 -73.76 6.66% 345.86 345.86 74.73 216.1 13.8 5,396
B4110R+8 71.76 -6.28 -76.10 4.18% 345.86 345.86 75.38 218.0 21.4 3,526
B4111L+8 71.68 -6.23 -75.97 4.05% 345.98 345.98 73.86 213.5 18.8 3,924
B4111M+8 71.91 -6.57 -76.54 5.06% 345.98 345.98 73.82 213.4 22.9 3,228
B4111R+8 72.08 -8.23 -78.37 5.22% 345.92 345.92 75.13 217.2 25.6 2,938
B4112L+8 71.74 -0.92 -70.72 2.55% 345.86 345.86 73.69 213.1 20.7 3,555
B4112M+8 71.63 -5.89 -75.57 7.23% 345.86 345.86 74.49 215.4 24.0 3,105
B4112R+8 71.74 -7.22 -77.02 2.36% 345.92 345.92 72.61 209.9 14.7 4,934
Table C 92 - Design 4 Gradation +8 Beam Auto-scan Filtered 650 sec Duration Full
Beam Shot Data (continued)
Shot da te S am p le  ID
A m p
%
File ID % b inder
P4 IR 
(dbs)









30-AUQ-04 B 4110L+8 80 L110S C A N 650.X LS 5.00% -7.3 267.6 23 .8 27 23.8
30-AUQ-04 B 4110M +8 80 M 110S C AN 650.X LS 5.00% -4.1 270.9 23.5 27 23.5
30-A ug-04 B 4110R +8 80 R 110S C A N 650.X LS 5.00% -6.6 276.2 23 .5 27 23 .5
30-A ug-04 B 4111L+8 80 L111S C A N 650.X LS 5.30% -6.3 278.5 23.7 27 23.7
30-A ug-04 B 4111M +8 80 M 111S C AN 650.X LS 5.30% -6.6 282.6 23 .7 27 23 .7
30-A ug-04 B 4111R +8 80 R 111SC A N 650.X LS 5.30% -8.5 280.8 23.6 27 23 .6
30-A ug-04 B 4112L+8 80 L112S C A N 650.X LS 5.60% -0.9 280.8 23 .5 27 23 .5
30-A ug-04 B 4112M +8 80 M 112S C AN 650.X LS 5.60% -5.9 281.7 23 .5 27 23.5
30-A ug-04 B4112R +8 80 R 112S C A N 650.X LS 5.60% -8.1 275.9 23.6 27 23.6
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Table C 93 - Design 4 Gradation +8 Beam Auto-scan Unfiitered 650 sec Duration Full
Beam Shot Data













B4110L+8 71.39 473.10 116.00 18.00 23.80 27.00 930.00
B4110M+8 71.40 473.10 116.00 18.00 23.50 27.00 930.00
B4110R+8 71.51 473.10 116.00 18.00 23.50 27.00 930.00
B4111L+8 71.44 473.10 116.00 18.00 23.70 27.00 930.00
B4111M+8 71.67 473.10 116.00 18.00 23.70 27.00 930.00
B4111R+8 71.83 473.10 116.00 18.00 23.60 27.00 930.00
B4112L+8 71.50 473.10 116.00 18.00 23.50 27.00 930.00
B4112M+8 71.38 473.10 116.00 18.00 23.50 27.00 930.00
B4112R+8 71.51 473.10 116.00 18.00 23.60 27.00 930.00
































B4110L+8 71.39 -7.28 -78.66 6.93% 346.04 346.04 74.88 216.4 10.9 6,847
B4110M+8 71.40 -4.06 -75.46 6.66% 345.86 345.86 74.73 216.1 13.8 5,397
B4110R+8 71.51 -6.62 -78.13 4.18% 345.86 345.86 75.38 218.0 21.0 3,588
B4111L+8 71.44 -6.32 -77.76 4.05% 345.98 345.98 73.86 213.5 18.8 3,920
B4111M+8 71.67 -6.59 -78.25 5.06% 345.98 345.98 73.82 213.4 22.9 3,228
B4111R+8 71.83 -8.47 -80.30 5.22% 345.92 345.92 75.13 217.2 24.9 3,014
B4112L+8 71.50 -0.92 -72.42 2.55% 345.86 345.86 73.69 213.1 20.7 3,556
B4112M+8 71.38 -5.89 -77.27 7.23% 345.86 345.86 74.49 215.4 24.0 3,105
B4112R+8 71.51 -8.11 -79.62 2.36% 345.92 345.92 72.61 209.9 12.7 5,719
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Table C 95 - Design 4 Gradation +8 Beam Center Shot 90% Am plitude Shot Data
S ho t da te S am p le  ID A m p F ile  ID
%
b ind e r






«  O  
E
a
17-A or-04 B 411 0L+8 90 S 0 4 M 1.T X T /3 : 5 .00% -4 .99 183.53 24 .00 19.00 2 4 .0
17-A pr-04 B4110IVI+8 90 S 1 7 M 2 .T X T /3 : 5 .00% -5 .96 181.78 24 .30 19.00 24 .3
17 -A pr-04 B 411 0R + 8 90 S11 M l  .TX T /3 : 5 .00% -5 .25 185.18 24 .00 19.00 2 4 .0
17-A pr-04 B 411 1L+8 90 S 31M 6.T X T /3 : 5 .30% -6 .00 184.38 2 4 .40 19.00 2 4 .4
17-A pr-04 B 411 1M + 8 90 S 3 3 M 5 .T X T /3 : 5 .30% -7 .08 186.37 24 .40 19.00 24 .4
17-A pr-04 B 411 1R +8 90 S 2 2 M 2 .T X T /3 : 5 .30% -5 .30 189.39 2 4 .40 19.00 24 .4
17-Apr-G4 B 411 2L+8 90 S 23M 2.T X T /3 : 5 .60% -1 .48 189.39 24 .40 19.00 24 .4
17-A pr-04 B 411 2M + 8 90 S 3 0 M 3.T X T /3 : 5 .60% -4 .55 188.08 24 .40 19.00 24 .4
17-A pr-04 B 411 2R + 8 90 S 10M 1.T X T /3 : 5 .60% -5 .28 185.91 24 .00 19.00 2 4 .0
Table C 96 - Design 4 Gradation +8 Beam Center Shot 90% Amplitude Shot Data
(continued)




8411OL+8 S04M1.TXT/3 74.45 377.93 121 36 24.0 19.0 930
B4110M+8 S17M2.TXT/3 75.24 376.90 121 36 24.3 19.0 930
B4110R+8 S11 Ml.TXT/3 75.00 376.83 121 36 24.0 19.0 930
B4111L+8 S31M6.TXT/3 74.93 377.31 121 36 24.4 19.0 930
B4111M+8 S33M5.TXT/3 75.00 377.31 121 36 24.4 19.0 930
B4111R+8 S22M2.TXT/3 74.65 377.31 121 36 24.4 19.0 930
B4112L+8 S23M2.TXT/3 75.00 377.31 121 36 24.4 19.0 930
B4112M+8 S30M3.TXT/3 74.90 377.31 121 36 24.4 19.0 930
B4112R+8 S10M1.TXT/3 74.92 376.83 121 36 24.0 19.0 930
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Table C 97 - Design 4 Gradation +8 Beam Center Shot 90% Am plitude Shot Data









8411OL+8 74.96 -4.99 -79.94 6.93% 74.88 216.40 22.00 3,404
B4110M+8 75.74 -5.96 -81.69 6.66% 74.73 215.85 20.73 3,605
B4110R+8 75.52 -5.25 -80.76 4.18% 75.38 217.85 26.21 2,877
B4111L+8 75.42 -6.00 -81.41 4.05% 73.86 213.30 20.37 3,627
B4111M+8 75.48 -7.08 -82.55 5.06% 73.82 213.19 22.24 3,319
B4111R+8 75.17 -5.30 -80.46 5.22% 75.13 216.97 29.04 2,587
B4112L+8 75.48 -1.48 -76.96 2.55% 73.69 212.82 24.89 2,960
B4112M+8 75.40 -4.55 -79.95 7.23% 74.49 215.12 25.88 2,878
B4112R+8 75.38 -5.28 -80.65 2.36% 72.61 209.83 18.91 3,839
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